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Abstract 
Meteorological and physical results from the second version of Global Mars 
Multiscale Model (GM3-v2) were used to investigate the impact of topography and 
albedo on the Martian southern polar C02 ice cap. Analysis of the numerical simulations 
revealed significant differences in the horizontal and vertical cross sections of 
temperature when model was run for plain topography. 
Wind streamlines from Ls= 20° (early southern fall) to Ls = 200° (early southern 
spring) for every one Ls have been analysed. Wind streamline pattern analysis shows 
there are two cyclonic circulations during southern winter; one around the Hellas basin 
(in the eastern hemisphere) and the second one around the Argyre basin (in the western 
hemisphere). However, between these two cyclonic cells, the pattern is anti-cyclonic. 
Since the albedo map which is used in the model represents a mean state of albedo 
for all seasons of the planet, the albedo values have been modified in the polar regions to 
allow for the formation of the surface ice in the model. Also this modification will be 
very important in the water cycle simulation. As a second step in this work, the albedo 
values at the poles (mostly focusing on south polar regions) were modified for a better 
representation of the physical situation. 
However, the seasonal carbon dioxide ice in the polar regions is presented in the 
surface ice simulation by the second version of Global Mars Multiscale Model, but it does 
not produce a permanent south C02 ice cap, and so it must be modified in the physics 
code in order to capture the real physical and meteorological processes. The permanent 
south C02 ice cap in the model can significantly improve the representation of south polar 
IV 
meteorology for example in predicted surface temperatures, surface pressures, horizontal 
and zonal winds over the south cap and also possible initiation of dust storms at south 
polar region during the southern summer period. In the final part to this thesis, the 
residual C02 ice cap is simulated in the physics code. 
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Chapter 1 
Introduction and Objectives 
1 Mars 
Mars is the fourth planet from the Sun and, sharing many common aspects with 
Earth, it is of interest to understand its climate processes. There has been an increase in 
scientific understanding of the Martian atmosphere which dates back to the early 1960s, 
both from a theoretical and observational perspective. The first spacecraft to fly past Mars 
was Mariner 4 in 1965. Mariner 4 provided close range images of the surface in the hopes 
of revealing geologic and atmospheric processes. Mariner 6 and Mariner 7 were launched 
on February 24, 1969 and March 27, 1969, respectively. The main objectives of these 
missions were measurement of atmospheric composition, pressure, density, and 
temperature. Mariner 8 (also called Mariner H) was designed to be the first American 
spacecraft to study Mars from orbit. It was launched on May 08, 1971 but fell with 
technical problem shortly after launch. Mariner 9 arrived in Mars orbit on November 14, 
1971 and provided the most complete view of Mars. Atmospheric structure, 
composition, density and pressure were to be analyzed using an infrared radiometer, an 
ultraviolet spectrometer and interferometer similar to those used on previous Mars 
Mariner missions. This mission mapped over 70% of the Martian surface with resolutions 
ranging from 1 km per pixel to 100 m per pixel during successive Mars orbits from an 
altitude of about 1,500 km. Mars' two moons, Phobos and Deimos, were also be analyzed 
by Mariner 9. The information acquired from this mission would later serve as the 
foundation for the Viking program. 
NASA's Viking Mission to Mars was composed of two spacecraft, Viking 1 and 
Viking 2, each consisting of an Orbiter and a Lander. Viking 1 was launched on August 
20, 1975 and arrived at Mars on June 19, 1976. Viking 2 was launched September 9, 1975 
and entered Mars orbit on August 7, 1976. The primary objectives of this mission were to 
obtain high resolution images of the Martian surface, characterize the structure of the 
atmosphere and composition of the atmosphere and surface, and search for evidence of 
life by taking surface samples and analyzing them for composition. Simultaneously, the 
Viking 1 and 2 Orbiters studied Mars from orbit for six and four years respectively 
returning many images of the surface and information on the atmosphere of Mars. The 
two Viking Landers were the longest surviving active laboratories on the surface of Mars 
at that time. Years later, the Mars Pathfinder spacecraft landed on the surface of Mars on 
July 4, 1997 (Schofield et al., 1997) and its final data transmission was on September 27, 
1997. Mars Global Surveyor (MGS) was the next successful U.S. mission launched to 
2 
Mars since the Viking mission in 1976. Mars Global Surveyor arrived in September 11, 
1997 (September 12, UTC) and started its science orbit phase in March 1999. It collected 
data on the surface morphology, topography, composition, gravity, atmospheric dynamics 
and magnetic field by its scientific instruments such as MOC (Mars Orbiter Camera), 
MOLA (Mars Orbiter Laser Altimeter), TES (Thermal Emission Spectrometer), 
MAG/ER and RADIO SCIENCE (Gravity Field Experiment). After nearly a decade of 
discovery, MGS went silent in November, 2006. 
Mars Odyssey was launched April 7, 2001 and reached Mars on October 24, 2001. 
Its primary science mission continued through August 2004. Still in orbit around Mars, 
NASA's 2001 Mars Odyssey spacecraft has collected thousands of images and continues 
to send information to Earth about Martian geology, climate, and mineralogy. 
Measurements by Odyssey have enabled scientists to create maps of minerals and 
chemical elements and identify regions with buried water ice. Images that measure the 
surface temperature have provided fantastic views of Martian topography. 
Mars Express is Europe's first spacecraft to the Red Planet. Mars Express 
travelled to Mars in seven months arriving in Mars orbit on 25 December 2003. It carried 
seven instruments and a Lander. The orbiter instruments are remotely investigating the 
Martian atmosphere, surface and subsurface. However, the landing perform was not 
successful and the lander was lost The Mars Express objectives were to search for 
subsurface water from orbit and release a Lander to reach the Martian surface. The orbiter 
is now studying the Martian atmosphere, the planet's structure and its geology. The Mars 
3 
Reconnaissance Orbiter (MRO) was launched on August 12, 2005 and attained Martian 
orbit on March 10, 2006. The instruments zoom in for extreme close-up photography of 
the Martian surface, analyze minerals, look for subsurface water, how much dust and 
water are distributed in the atmosphere and monitor daily, global weather. The mission is 
examining whether underground Martian ice discovered by the Mars Odyssey orbiter is 
the top layer of a deep ice deposit or a shallow layer in equilibrium with the atmosphere 
and its seasonal cycle of water vapour. On May 25 2008 the NASA/JPL Phoenix Scout 
spacecraft descended to the Martian north polar surface. The mission had two main 
objectives. The first one was to study the geologic history of water, the key factor to 
understanding past climate change. The second goal was to evaluate past or potential 
planetary habitability in the ice-soil boundary. The Lander was supposed to complete its 
mission in August 2008 but it continued operating for ~ 150 sols which extended in to 
October 2008. On Nov. 9, 2011 a Zenit rocket was launched into space carrying Russia's 
Phobos-Grunt spacecraft to Mars on a mission to collect samples of the Martian moon 
Phobos. But it crashed and failed in its Mission to Mars' Moon. 
Finally, the Mars Science Laboratory (MSL or Curiosity) is a Mars rover launched 
by NASA on Nov. 26, 2011. It successfully landed in Gale Crater on August 6, 2012. The 
rover's objectives are searching for past and present life, studying the Martian climate and 
geology, and collecting data for a future manned mission to Mars. In addition to direct 
observations (in situ and remote) and laboratory experiments, numerical studies with a 
4 
variety of Mars Global Climate Models (GCMs) have provided some understanding of 
the Martian atmosphere. Table 1.1 shows a chronology of these developments. 
Table 1.1: A Chronology of the Development of an Understanding of Mars 
(http:// spacescience. arc.nasa. gov /mars-climate-modeling-group/ ) 
Mars is a planet almost like the Earth, of nearly half the size, similar orbital and 
rotational parameters, possessing an atmosphere, weather and climate phenomena and 
also with a solid surface. For example, the obliquity of Earth is 23.93° whereas it is 
25.19° for Mars. However, Mars has significant orbital eccentricity 0.093 rather than 
0.017 for Earth (Read and Lewis, 2004). The large Martian eccentricity causes the solar 
insolation (a measure of solar radiation energy received on a given surface area and 
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recorded during a given time in units of Watts per square metre on Mars to vary by 40% 
as the planet orbits the Sun as compared to 7% for the Earth. Because the Martian orbit 
has large differences in the distance from the sun, the surface of Mars can experience 
larger changes in temperature than does the Earth. As for the Earth, Mars' obliquity 
dominates the seasons, but, because of the large eccentricity (the difference between the 
elliptical shape of the Martian orbit and a perfect circle), southern winters are very cold 
and long while those in the north hemisphere are warm and short. Mars rotates about its 
axis with a period of approximately 3 7 minutes and 22 seconds longer than the length of 
day on Earth. It has a minimum distance of 1.38 AU1 at the perihelion; and a maximum 
distance of 1.66 AU at the aphelion. Its orbital period is longer than Earth's being about 
686.98 Earth days or 668.6 sols (Figure 1.1 ). Surface gravity on Mars is about one third 
that on Earth. Table 1.2 shows a comparison of some important parameters between Mars 
and Earth (Read and Lewis, 2004). 
10ne astronomical Unit is about 149.6 million kilomet~es, the mean distance from the earth to the sun. 
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Figure 1.1: This figure shows the relative Mars position in its orbit from Sun. The 
aphelion occurs at Ls = 71 ° whereas the position of perihelion at Ls = 251 °. (http://www-
mars.lmd.jussieu.fr/mars/time/solar longitude.html). 
1.1 Mars Topography 
Figure 1.2 shows the northern and southern Polar Cap topography (top) and the 
global topography (bottom) given by the Mars Orbiter Laser Altimeter from MGS (Smith, 
et al., 1999). Mars has large scale topographical structures such as deep valleys and high 
mountains which may have an important role in Martian weather. The most important 
topographical feature shown in the lower image is the Hellas basin centred at ( 42. 7°S, 
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70°E) in the southern hemisphere which is nearly nine kilometres relief and 2,300 km in 
diameter (Leonard and Tanaka, 2001). Mars also has mountainous terrain including the 
volcano Olympus Mons at a height of nearly 22 km and about 600 km wide at (18.4 °N , 
. 226°E), which is roughly three times as tall as Mount Everest and the largest one in the 
solar system (Plescia, 2004 ). 
0 
Figure 1.2: Martian south and north polar cap topography (top) and Global topography 
(bottom) given from NASA/MGS/MOLA (Smith et al., 1999). 
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1.2 The Martian Atmosphere 
Compared to the Earth, Mars has a very thin and cold atmosphere composed (by 
volume) of 95% carbon dioxide, 2. 7% nitrogen, 1.6% argon and contains traces 
of oxygen, water and carbon monoxide (Table 1.2). The Martian atmosphere differs from 
Earth in its very low surface pressure. Martian mean surface pressure is nearly 600 Pa 
(Read and Lewis, 2004; Kieffer et al., 1992) whereas mean surface pressure for Earth is 
around 985 hPa. This is in contrast to mean sea-level (MSL) pressure, which involves the 
extrapolation of pressure to sea-level for locations above or below sea-level. The average 
pressure at mean sea-level in the International Standard Atmosphere is 1013.25 hPa. The 
global increase from mean Martian surface pressure is about 13% between northern 
winter and spring (with the maximum during early southern summer) while the global 
decrease from mean surface pressure is nearly 14% between northern spring and summer 
(W oiceshyn, 197 4 ). These pressure oscillations are correlated with the seasonal growth 
and decay of the C02 polar ice caps. The Martian atmosphere is very dry as compared to 
that of the Earth, with average concentrations of water vapour being (in molar fraction) 
less than 0.00003, whereas on Earth water vapour is always present in the air having an 
average molar fraction of around 0.01 (Table 1.2). However, the content of water vapour 
in the Earth's atmosphere may vary and the maximum amount possible of water vapour in 
air2 depends on the temperature of the air. Even with the limited atmospheric water 
2Dry air in the atmosphere of Earth contains roughly (by volume) 78.084% Nitrogen, 20.946% Oxygen, 
0.9340% Argon, 0.03697% carbon dioxide and small amounts of other gases. Air also contains a variable 
amount of water vapour, on average around 1% (Christopherson, 2003). 
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vapour content on Mars, the small amount can condense and form high level water ice 
clouds (Heavens et al., 2010). Clouds can exist as both water ice and Carbon dioxide ice 
clouds (Montmessin et al., 2006). Clouds composed of C02 ice form when C02 gas 
condenses out in the atmosphere. The C02 ice clouds have been observed in the lower 
Martian atmosphere in the winter polar night of both northern and southern hemispheres 
(Pettengill and Ford, 2000), and in Mars mesosphere (around 80-100 km altitude) near the 
equator (Montmessin et al. 2006). The formation of C02 ice clouds in the northern winter 
polar atmosphere are also linked to baroclinic planetary waves (Kuroda et al., 2013). With 
the exception of some areas over Hellas basin where the pressure can exceed 600 Pa, over 
much of Mars the temperatures are below the triple point of water on the phase diagram 
for atmospheric conditions. This means that if the temperature reaches the normal 
freezing point of water, about 273 K, ice would directly sublime into water vapour 
(Figure 1.3). 
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Figure 1.3: This figure shows the equilibrium vapour pressure for C02 and H20. The 
triple point of C02 is 216 K and the vapour pressure at the Martian cap is around 600 Pa 
(Figure from Thomas, 2010). 
The Martian atmospheric circulation is driven by differential equator-pole heating 
from the Sun, balanced by infrared cooling from its surface and atmosphere. During 
Martian solstice seasons, the ascending and descending branches of the single Hadley cell 
are displaced much farther from the equator (30°-60° latitudes). But only near the 
equinox two weak, equatorially symmetric, Hadley cells occur on Mars (Jakosky and 
Haberle, 1992). The general circulation patterns in the atmosphere of Mars have many 
differences from those of the Earth. The atmosphere of Mars has a short radiative 
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response time of~ 2x105 s (~ 1120 for Earth). Also the surface thermal inertia (a measure 
of the response of the surface for the change in thermal regime) is low (Kieffer et al., 
1977). There are large changes in M~rtian surface pressure since condensation and 
sublimation of a large fraction of the atmospheric C02 mass occurs on Mars. Earth's 
primary gases N2 and 02, do not similarly condense. Mars's large eccentricity causes the 
planet to receive different amounts of the Sun's energy by the changes in its distance from 
the Sun. Solar insolation on Mars is about 44% more at perihelion than at aphelion 
(Glasstone, 1968). Also large scale dust storms occur on Mars mostly during southern 
summer, when Mars is closest to the sun and absorbs more solar energy (Forget, 2007). 
All of these factors cause significant variation on daily, monthly, seasonal, and inter-
annual timescales in the Martian atmospheric circulation which are greater than those 
which are observed in the Earth's troposphere (Zurek et al., 1992). 
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Table 1.2: Important parameters for Earth and Mars (Read and Lewis, 2004) 
Earth Mars 
Mean orbital radius (10 11 m) 1.5 2.28 
Distance from Sun (AU) 0.98-1.02 1.38-1.67 
Orbital eccentricity 0.017 0.093 
Orbital inclination (deg) 0.000 1.850 
Ls of perihelion 281 251 
Planetary obliquity 23.45 25.19 
Rotation rate, n (10-)s- 1) 7.294 7.088 
Solar day (s) 86,400 88,775 
Year length (sol) 355.46 668.6 
Year length (Earth days) 365.24 686.98 
Equatorial radius (10° m) 6.378 3.396 
Surface gravity, g (ms-2) 9.81 3.72 
Representative Surface 101,300 (M.S.L.) 600(variable) 
pressure (pa) 
Atmospheric constituents N2 (77%) C02 (95%) 
(molar ratio); dry air sample 02 (21%) N2 (2.7%) 
in Earth H20 (1%) Ar (1.6%) 
Ar (0.9%) 02 (0.13%) 
Specific Gas constant R (m2s- 287 200 
2K1) 
Mean Solar Constant (Wm -z) 1367 589 
Specific heat at constant 1000 860 
pressure, C0 (m2s-2K 1) 
Bond Albedoj 0.306 0.25 
Effective temperature (K) 256 210 
Surface temperature (K) 230-315 140-290 
Scale Height, 7.5 10.8 
H=RT/g (km) 
Dry adiabatic lapse rate 9.8 4.3 
(-g/ C0 ) (K km-I) 
Buoyancy frequency, 1.1 0.6 
N (10-2 s-1) 
Deformation Radius, 1100 920 
L=NH/n (km) 
Typical zonal wind at jet 30 80 (data from Oxford 
level (m/s) MGCM) 
3Bond albedo is the fraction of power in the total electromagnetic radiation incident on an astronomical 
body that is scattered back out into space. It takes into account all wavelengths at all phase angle. 
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1.3 Mars Polar Caps 
Mars, like Earth, has polar caps, one in the north and one in the south, but the 
difference is that the Earth's polar ice caps are mainly water ice, while Mars' caps are a 
mixture of carbon dioxide and water ice. There are two kinds of ice caps on Mars: 
seasonal carbon dioxide ice caps and residual or permanent ice caps. Seasonal ice caps 
accumulate during the winter season and sublime during the summer but the residual caps 
remain during the entire year. The residual north polar cap is mostly made of water ice 
while the residual south polar cap is made of both water ice and carbon dioxide. Mars has 
a 95% C02 atmosphere where approximately 30% condenses at each polar surface during 
fall and winter seasons when the temperature falls below ~ 148 K, the carbon dioxide frost 
point (James et al., 1992; Forget, 1998). Since the southern winter occurs during aphelion, 
the atmospheric pressure is lower as more C02 condenses onto the surface compared to 
the northern winter. Also southern winters are much colder than the northern winters as 
Mars is further from the Sun at that time of the Mars year. On the other hand, the southern 
summers ( ~ 154 sols) are shorter but more intense than the northern summers ( ~ 178 sols) 
since at this time Mars is closest to the Sun (perihelion). So, the north seasonal carbon 
dioxide ice cap completely sublimates during northern summer, leaving only the residual 
underlying water ice cap (Forget, 2007). The residual south polar cap experiences a 
shorter summer, exposing both carbon dioxide and water ice during the southern summer 
(Forget, 2007; Barlow, 2008). Also, during northern summer, water vapour releases into 
the atmosphere and due to the general circulation it is transported to the altitudes or 
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regions where it can condense and form water ice clouds or even deposit as surface frost 
in the equatorial regions (Nelli et al., 2009; Forget, 2007). Water vapour also condenses 
in the southern polar regions, where that carbon dioxide ice acts as a cold-trap for water 
ice that does not sublimate again during the southern summer (Forget, 2007). This change 
would have varied considerably due to changes of the Martian obliquity (the tilt of 
rotational axis) and eccentricity during the past several million years. Currently, it is 
uncertain if there is a balance between the northward and southward flow of water 
vapour. Water ice deposition mechanisms include both condensation and precipitation 
onto the surface and diffusion into the porous regolith (Schorghofer, 2007). 
The Mars polar regions consist of horizontal, thick polar layered deposits (PLDs) 
composed of water ice, dust and silicone dioxide or silica (Tanaka and Scott, 1987). The 
northern and southern polar layered deposits underlay both the residual and seasonal ice 
caps (Barlow, 2008). North polar layered deposits (NPLDs) and south polar layered 
deposits (SPLDs) span approximately 1000 km in diameter and were found to be roughly 
3.5 kilometres in thickness according to estimates using measurements from the Mars Orbiter 
Laser Altimeter (MOLA) on board Mars Global Surveyor (Plaut et al., 2007). The northern 
residual ice cap is composed of water ice and spans ,..., 1000-1100 km in diameter coating 
the NPLDs. The north polar cap rises ,..., 3 km above the surrounding topographically low 
northern plains and its centre is almost coincident with the rotational pole (Zuber et al., 
1998). The ,..., 1000-1100 km diameter cap covers much of the region poleward of 80°N 
(Clifford et al., 2000) and its volume is estimated between 1.1 and 2.3x106 km3 (Zuber et 
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al., 1998; Smith et al., 2001 ). The southern residual cap is white, bright solid ice, very 
reflective and very cold (-130° C) and is composed of "'8-10 metres of permanent carbon 
dioxide ice overlaying water ice (Barlow, 2008; Byrne and Ingersoll, 2003; Smith et al., 
2001) and spans ,...., 400 km in diameter according to the Mars Advanced Radar for 
Subsurface and Ionosphere Sounding (MARSIS) data set (Giuranna et al., 2008). Since 
the southern ice cap has a much smaller diameter, the SPLDs are not completely covered 
such as they are in the north. The southern ice cap lies at an elevation 6 km higher than 
the northern cap and rises only "'2-3 km above the surrounding plains. The volume of the 
southern PLDs is,...., 1.6 million km3 (Plaut et al., 2007) and it is offset from the rotational 
pole (Forget, 2007). 
Both the north and south seasonal ice are composed of carbon dioxide. The 
thickness of carbon dioxide ice varies from several centimetres at the boundaries of the 
polar caps to 1-1.5 metres close to the poles (Smith et al., 2001 ). The north seasonal 
carbon dioxide ice cap has an almost syinmetrical pattern around the pole whereas the 
seasonal south polar cap is not symmetric around the pole and is extended asymmetrically 
to 50°S along different longitudes during winter southern polar night. The southern 
seasonal cap measures about 4000 km across at its largest during southern winter, and the 
northern cap measures about 3000 km across at its largest, during the northern winter. 
The seasonal north polar cap is visible from space at Ls = 10° (early spring in the 
northern hemisphere) and extends southward to nearly 60°N (nearly its maximum winter 
extent) whereas the seasonal south polar cap is visible at Ls = 180° (fall in the northern 
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hemisphere) and extends northward to nearly 65°S (Barlow, 2008). Figure 1.4 and figure 
1.5 show .north and south polar residual caps respectively. 
Figure 1.4: This picture shows northern ice cap during early summer (---Ls = 120°) and 
was taken from Mars Orbit Camera (MOC) on board Mars Global Surveyor. The ice cap 
diameter is about 1, 100 km (Image courtesy of NASA/JPL/Malin Space Science 
Systems). 
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Figure 1.5: Image of south residual polar cap during late summer time ( ~ Ls = 341°) by 
Mars Orbit Camera (MOC) on board Mars Global Surveyor. South cap approximately has 
400 km diameter (Image courtesy ofNASA/JPL/Malin Space Science Systems). 
1.4 Review of some observational data from MGS, MRO, Mars Express 
and Mars Odyssey 
Martian weather was monitored with the wide angle of Mars Orbiter Camera 
(MOC) on board Mars Global Surveyor (MGS). Mars Daily Global Maps (MDGMs) 
from MGS show the formation of the visible frontal systems (curvilinear dust clouds for 
which topography is not apparently the cause) in the in the southern hemisphere, mostly 
between 210°-300°£ and 0°-60°£ during Ls = 140°-250° and Ls = 340°-60° (Wang et 
al., 2011 ). Figure 1.6 shows distribution of the Martian southern frontal events observed 
in Mars Daily Global Maps (MDGMs) from Ls = 150° in Mars Year 24 to Ls = 120° in 
Mars Year 28 (Figure from Wang et al., 2011). 
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Figure 1.6: Distribution of the Martian southern frontal events (not topographically based) 
observed in Mars Daily Global Maps (MDGMs) from Ls= 150° in Mars Year 24 to Ls= 
120° in Mars Year 28. The diameter of the circle shows the length of the frontal event, 
not the latitudinal extent. The gray contours represent the zonal mean surface 
temperatures at 2 pm in Mars Year 26 from MGS TES nadir data (Figure from Wang et 
al., 2011). 
Mars Reconnaissance Orbiter (MRO) Mars Color Imaging (MARCI) also 
provided daily global imaging of Mars from September 2006. These images have given 
important information on C02 snow clouds (Renyu et al., 2012) and on C02 condensation 
above the north and south poles (Hayne et al., 2012). Measurements by the Mars Climate 
Sounder (MCS) instrument4 on board MRO revealed5 the characteristics of the particles 
and gases in the Martian atmosphere, such as their sizes and concentrations (Hayne et al., 
4The instrument has nine channels spanning the wavelength ~ 0.3-45 µm, with one visible and eight IR 
channels. 
5 There are significant particle characteristic model assumption employed for the derivation of the aerosol 
quantities from the MCS radiometer measurements. 
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2012). Figure 1. 7 shows the distribution of small-grain C02 deposits formed by snowfall 
over the south polar cap of Mars during mid-southern winter (Ls= 112°). 
The temperature and pressure profiles taken by the MRO for five Martian years 
have shown the conditions for the formation of C02 cloud particles. Also the non-ground 
MOLA data (lidar returns from C02 clouds) have indicated reflective particles in the C02 
clouds. So by analyzing of the clouds opacity, the density of carbon dioxide in each cloud 
has been determined. Also by the estimation of the total C02 mass deposited over both 
poles and the number of snow particles in a given volume of snow cover, the size of the 
particles have been determined (Renyu et al., 2012). It is estimated that the average 
condensate particle radius in the northern hemisphere is 8-22µm and 4-13µm in the 
southern hemisphere (Renyu et al., 2012). 
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Figure 1. 7: This map shows the distribution of small-grain C02 deposits formed by 
snowfall over the south polar cap of Mars. This image is based on IR measurements by 
the Mars Climate Sounder (MCS) instrument on the Mars Reconnaissance Orbiter 
(MRO). Color coding shows the mean diameter of carbon-dioxide grains detected by 
MRO's Mars Climate Sounder, from 4 mm (gray) to 50 mm (dark blue). Image released 
September 11, 2012. Credit: NASA/JPL-Caltech. 
The OMEGA on board Mars Express provide important information about 
Martian surfaces such as south residual ice cap temperature during late summer (-Ls = 
330°) and confirmed a temperature around 143 K (in section 5.7.2 the surface 
temperature from model prediction has been compared with OMEGA observation) on the 
southern permanent ice cap (Giuranna et al., 2008). The Mars Express Radio Science 
Experiment (MaRS) provides a study of the lower and middle Mars atmosphere between 
the surface and 40 km with a very high vertical resolution. MaRS experiments provide 
both temperature values and geopotential height information (Tellmann et al., 2013). 
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A comparison of the GM3 predicted air temperatures at 0.5 mb and MY26 TES 
observation is presented in Figure 1.8 (figure from Akingunola, 2008). 
Cl) 
"'d 
60N 
30N 
_s EQ 
•.-4 
+J 
~ 
~30S 
60S 
50 100 150 200 250 300 350 400 
Season, Ls 
............ IJB!BfI~~·-@~~~fuwm~·~~#~.QM[lllll ....... 
130 140 150 160 170 180 190 200 210 220 
Q,) 
'd 
30N 
E EQ 
•.-4 
..p.) 
~ 
~30S 
608 
TES Daytime 0.5mb Air Temperature 
50 100 150 200 250 300 350 400 
Season, Ls 
------~*~·MW!fillt!fill~E''*'P;;z~:a~=!!Eltifilm·" ~§1111!111~-
130 140 150 160 170 180 190 200 210 220 
Figure 1.8: GM3 and TES zonally and temporally averaged air temperature at 50 Pa 
pressure level as a function of Ls. TES shows a rapid change in temperature around Ls = 
330° caused by increased atmospheric dust loading from a dust event not represented in 
the model at that season (Akingunola, 2008). 
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There is a good agreement between model and TES measurements. However, there are 
two exceptions between the model prediction and TES observation. First the model has a 
low bias against TES measurements during early summer in the southern hemisphere for 
the equatorial region, and secondly TES shows a nearly global increase in temperature 
around Ls = 320°due to a global dust storm which was not predicted by the GM3 
(Akingunola, 2008). 
The gamma ray spectroscopy on board Mars Odyssey has provided information 
about atmospheric argon. This information determines how much argon remains in the 
atmosphere at high latitudes as carbon dioxide condenses during fall and winter seasons 
in each hemisphere. Also during late southern spring the area with the higher albedo has 
more concentration of argon than the lower albedo or cryptic region (see section 5.1). 
This could be associated with the faster subliming of the C02 in the cryptic region than in 
the non-cryptic regions (Sprague et al., 2012). Strong seasonal variation were observed at 
southern polar latitudes which show that the southern polar vortex should be strong and 
coherent in late autumn and early winter whereas the northern polar vortex is weaker 
(Sprague et al., 2012). 
1.5 Research Objective 
There have been many attempts to understand the nature of the Martian polar caps 
particularly the south polar C02 cap asymmetry. The caps have been observed for more 
than two centuries. There are, however, many questions which still need to be resolved. 
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There are different factors which can affect the south C02 ice cap characteristics including 
eccentricity, obliquity of the orbit, the seasonal C02 cycle and the local weather pattern. 
The local weather is very important because it can control the surface albedo by 
deposition of the C02· ice over the south polar cap and the build up of extensive snow or 
frost (Colaprete et al., 2005). Also results from the Mars Global Circulation Model 
(MGCM) from NASA Ames (Colaprete et al., 2005) show that Hellas and Argyre basins 
play a key role in controlling the weather patterns over the southern hemisphere. 
In this research, the second version of the Global Mars Multiscale model was used 
to investigate the impacts of the local winter weather patterns on the asymmetrical nature 
of Martian South Polar C02 Ice Cap. In this work the meteorological fields such as 
temperature and wind structure were used and the analysis method provides more details 
and better understanding of the local weather pattern at southern mid and high latitudes 
which can explain C02 ice formation and sublimation in the form of frost or snow during 
each season. 
In the next step, albedo and thermal inertia have been modified at the south polar 
areas in the GM3 physics code. These results show a better fit to C02 ice mass 
distribution near the south pole at cryptic and non-cryptic regions (see section 5.1 ). 
The seasonal carbon dioxide ice in the polar regions is represented in the surface 
ice simulation by the second version of Global Mars Multiscale Model. However it does 
not produce a permanent south C02 ice cap, and so the physics code must be modified in 
order to capture the realistic physical and meteorological processes in the model aside 
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from ice formation. The permanent south C02 ice cap in the model can significantly 
improve south polar meteorology for example in predicted surface temperatures, surface 
pressures, horizontal and zonal winds over the south cap and also possible initiation of 
dust storms at south polar region during the southern summer period. In the final part to 
this thesis, the residual C02 ice cap is simulated in the physics code. 
1.6 Thesis Outline 
This first chapter is an introduction to the planet Mars, its atmospheric properties, 
polar caps and research objective. Also, the research goals have been discussed in this 
chapter briefly. The._ second chapter presents the second version of the Global Mars 
Multiscale Model (GM3-v2) description. The third chapter outlines the southern winter 
frontal weather patterns. The fourth chapter gives an insight into some dynamical effects 
of topography in the simulation with respect to southern weather activities. In the fifth 
chapter the importance of weather patterns and albedo in the asymmetrical structure of 
south polar cap are discussed. Also this chapter explains how albedo modification and 
artificial permanent C02 ice cap simulation is done in the model. The summary of 
important conclusions and the future outlook are presented in the last chapter. 
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Chapter 2 
The Global Mars Multiscale Model 
2 Description of the Global Mars Multiscale Model 
The Global Mars Multiscale Model (GM3) is a three dimensional global climate 
model for the Martian atmosphere, which was developed at York University (Moudden et 
al., 2005; Moudden and McConnell, 2005; Akingunola, 2008). The model includes both 
physics and chemistry modules built onto the dynamical core. 
2.1 Dynamical core 
The dynamical core of GM3 is based on GEM (Global Environmental Multiscale Model) 
which was developed at the Meteorological Service of Canada for operational weather 
forecasting (Cote et al., 1998). GEM is a grid-point model with both global uniform and 
global variable resolutions with the capacity to resolve the small scale disturbances within 
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a high resolution sub-domain. The dynamical core of GEM can therefore provide the dual 
run-time capability of global scale with uniform resolution latitude/longitude grid system 
and also can be run in the mesoscale meteorology mode within a limited area over any 
portion of the globe using the global variable resolution configuration. In addition, the 
model can be run at very high resolution over a small domain in limited area mode 
(LAM). GM3 retains the GEM dynamical core except for fixed parameters such as 
gravity, composition, mean molecular weight, specific heat, radius and rotational rate 
which have to be redefined for Mars. The fundamental equations, conservation of mass, 
energy and momentum are solved in the dynamical core. The governing primitive 
equations can be solved in either hydrostatic or non-hydrostatic mode. It uses the hybrid 
vertical coordinate and the top boundary condition can be either rigid or elastic (Laprise 
and Girard, 1990). The second version of Global Mars Multiscale model is based on 
version 3.3.0 of the GEM dynamical core. The time-stepping is semi-implicit and the 
advection scheme is semi-Lagrangian. 
2.2 Model Physics 
The Martian physical processes are solved in the physics module. These processes 
include atmospheric heating, involving scattering and absorption of solar and thermal 
radiation, surface and sub-surface processes, orographic gravity wave drag, planetary 
boundary layer parameterizations, atmospheric water processes and condensation and 
sublimation of atmospheric constituents. 
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2.2.1 Heating 
Dust scattering and absorption of solar and infrared radiation, C02 absorption in 
the 15 µm band and solar heating by C02, are calculated in this module (Akingunola, 
2008). The two-stream formulation has also been extended to permit the treatment of 
radiation by water ice particles in the thermal (Akingunola, 2008). The non-LTE (Local 
Thermodynamic Equilibrium) formulation of Lopez et al. ( 1998) is used to calculate 
cooling at altitudes above ~ 70 km where departure from local thermodynamic 
equilibrium becomes important. A wide-band emittance is used in calculating the 
radiative fluxes due to the absorption of radiation in 15 µm band of C02 according to 
Liou, (1992), The generalized two-stream method with the quadrature approximation 
(Liou, 1992; Toon et al., 1989) is used to solve the set of two-stream (upwards and 
downward fluxes) equations (Akingunola, 2008). The fluxes are summed up, and the 
temperature tendency due to radiation is calculated. 
2.2.2 Surface and Sub-Surface Layers 
The soil scheme, surface fluxes and the calculation of the surface temperature are 
performed in the physics core. 
The physics of the atmospheric surface layer (e.g. Figure: 2.1 ), which is a 
horizontal layer extending from the surface to a height of between 10-50 meters 
(depending on the surface heat flux strength), is presented in this module. The surface 
layer properties including the Monin-Obukhov length, the homogenous surface flux for 
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heat and momentum and surface friction velocity use the Monin-Obukhov similarity 
theory (Monion and Obukhov, 1954). This theory was confirmed for Mars's boundary 
layer by retrieving Mars Pathfinder temperatures in the lowest level of the Mars 
atmosphere (e.g. Maattanen and Savijarvi, 2004). This theory describes the relationships 
between temperature, near surface wind profile, and specific humidity and the surface 
fluxes including heat, momentum and water vapour in the surface layer. Assuming 
constant Monin-Obukhov length and friction velocity through the surface layer, the wind, 
temperature and specific humidity profile are calculated from Equations 2.16-2.21 in 
Akingunola (2008) and based on those according to Pielke (1990). Heat diffusion within 
the sub-soil and resulting soil temperatures are calculated too. This information is used to 
balance the surface energy budget and calculate the surface temperature ( Akingunola, 
2008). The diagnostic calculation of the near-surface temperature (at 1.5m) and wind 
variables (at 1 Om) using the surface flux properties is done in this·module. 
The amount of water adsorption and effect of the adsorption on water vapour 
diffusion in the regolith also is another important calculation in this module. 
2.2.3 Planetary Boundary Layer 
The planetary boundary layer (PBL) is the lowest level of the atmosphere and is 
strongly influenced by the underlying surface. In this layer, turbulence mixes heat, mass 
and momentum and induces some exchange between the ground and the atmosphere. The 
PBL on Mars has been known to be unstable and exhibits intense turbulent characteristics 
29 
during the day which can grow to more than 7km and conversely it becomes very stable 
during Martian night time (Smith et al., 2004). The PBL can be divided into a number of 
sub-regions, as indicated in Figure 2.1. The lowest layer in the PBL is the surface layer 
(zlhs < 1 ), see Figure 2.1; here z is the vertical coordinate, and hs is the surface layer 
height. Above this layer is the mixed layer, where strong mixing can take place to the top 
of the PBL. Jumping from mixed layer to the free atmosphere often forms an entrainment 
zone and air from free atmosphere is entrained into the underlying flow. 
The planetary boundary layer calculations, based on the non-local scheme of 
Holstag and Boville (1993), are also performed in the physical core. In this division, the 
calculation of the diffusion coefficients and turbulent fluxes for heat and momentum are 
done. Calculations of the diffusion of heat and momentum (zonal and meridional winds) 
are performed by using a semi-implicit Crank-Nicholson scheme (Akingunola, 2008). 
The temperature and wind tendencies due to turbulence also are evaluated (Akingunola, 
2008). The boundary layer height is a diagnostic quantity and is also calculated in this 
module. 
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Figure 2.1: Schematic structure of the daytime convective planetary boundary layer. 
2.2.4 Orographic Gravity Wave Drag 
An orographic gravity wave parametrization, available in the Physics package of 
the terrestrial GEM model, and which follows the formulation of Mcfarlane (1987) and 
McLandress and Mcfarlane (1993) has been modified for Mars conditions and used in 
Global Mars Multiscale model (Akingunola, 2008). Orographic gravity wave drag is 
parametrized and applied after the surface processes are determined. This depends on the 
integration to calculate the gravity wave launching height, topography direction, slope 
and eccentricity (Akingunola, 2008). 
2.2.5 Atmospheric Water Ice and Atmospheric Water Vapour 
The major source of atmospheric water vapour appears to be at the Martian polar 
regions, while the regolith appears as both source and sink in the Martian low and mid-
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latitude regions. The distribution of the atmospheric water vapour can be controlled by 
the thermodynamic equilibrium of water vapour and water ice, resolved transport, eddy 
transport (in PBL ), gravitational sedimentation of water ice. Advection of both traces 
(water ice and water vapour) are done in atmospheric water ice and atmospheric water 
vapour module (Akingunola~ 2008). The water ice opacity is also calculated in this 
section. The vertical diffusion of water vapour is carried out either in the physics code 
when the chemistry module is deactivated, or in the chemistry module when that is 
activated. The solution of the triadiagonal matrix equations is performed with the same 
scheme used for the turbulent diffusion in the planetary boundary layer scheme 
(Akingunola, 2008). For the results reported in this thesis, the chemistry module was 
deactivated and the model is run with the physics code. 
2.2.6 C02 Condensation and Sublimation 
In the physics module the effects of C02 condensation and sublimation in the 
atmosphere and on the surface are calculated (see later in chapter 5). Albedo and 
emissivity are very important in controlling the energy balance on the caps, so in this 
study, albedo and thermal inertia are modified based on cryptic and non cryptic region 
(see section 5.1) at the south polar cap. This is done within the model's dynamical core. It 
should be consider that the C02 condensation scheme in the model does not account for 
condensation nuclei. 
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2.3 Model Grid Resolution 
The GM3 simulation presented here were run at tesolution of 4°x4° and 5°x6°. 
Constant seasonal atmospheric dust optical depth values (Akingunola, 2008) were 
assumed for the runs (Figure 2.5). The model does not have a microphysical cloud 
scheme. In this thesis we run the model in 4 °x4 ° resolution. The model has 10 i vertical 
layers with the vertical resolution decreasing logarithmically in pressure to a top value of 
7x10-6 Pa(~ 140km). Here, in the plotted figures the data were interpolated (bi-linearly by 
using the GrADS (http://www.iges.org/grads/) if needed. 
2.4 Surface Albedo and Thermal inertia 
The data input into the model includes the surface albedo as obtained from the 
Mars Global Surveyor (MGS) Thermal Emission Spectrometer (TES) visible near-IR data 
(Christensen et al., 2001) and the thermal inertia map derived from the MGS TES 
thermal bolometer data (Putzig and Mellon, 2007). The data map used in the model 
represents a mean state of albedo for all seasons of Mars. However, the albedo has to be 
modified in the polar regions to account for seasonal change, driven by the formation of 
surface ice (see section 5.7). This also important for more accurate prediction of the 
Martian water cycle. Figures 2.2a and 2.2b show surface albedo and thermal inertia maps 
at model resolution (Akingunola, 2008). 
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Figure 2.2a: The map of albedo of Mars (Christensen et al., 2001). Temporal variation in 
the surface albedo due to erosion and sedimentation of dust has not been considered in the 
model (Akingunola, 2008). 
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Figure 2.2b: The map of thermal inertia (from Akingunola, 2008), in thermal inertia unit 
(TIU) of Jm2K-1s-112 (Putzig and Mellon, 2007). 
2.5 Topography 
The topographic data in the model is from the Mars Global Surveyor's MOLA 
(Mars Orbiter Laser Altimeter). The raw data are at 32 pixels per degree (ppd) resolution 
and are used directly to calculate the mean elevation and the unresolved orographic 
variance used in the gravity wave scheme (Akingunola, 2008). Figure 2.3 and Figure 2.4 
show the topography of Mars obtained from MOLA observations (Smith et al., 1999) and 
the 'Airy-0' (within the larger crater Airy), which was chosen as the zero degrees 
longitude point respectively. This crater was chosen by Merton Davies as Mars's prime 
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meridian in 1969 based on Mariner 6 and 7 photographs. The Mars reference longitude 
has been updated the Airy trough time. The position .of Airy has been better determined 
by Mars Global Surveyor (MGS) Mars Orbital Laser Altimeter (MOLA) observations 
with an accuracy order of 100 min horizontal position (Figure 2.5). 
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Figure 2.3: The topography of Mars obtained from MOLA observation (Smith et al., 
1999). Dominant features include the low northern hemisphere, the Tharsis mountain 
ranges, and Hellas and Argyre basins in the southern hemisphere. The topography map 
has been produced from MOLA grided data from the Geosciences Node of the Planetary 
Data Service (Akingunola, 2008). 
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Figure 2.4: The 0.5-kilometre-wide crater, subsequently named 'Airy-0' (within the larger 
crater Airy), chosen as the zero degrees longitude point. Here the outlines of the Mariner 
9, Viking and Mars Global Surveyor images are shown on a wide-angle context image 
taken by the US Mars Global Surveyor (MGS) Mars Orbiter Camera (MOC). Credits: 
NASA/JPL/MSSS. 
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Figure 2.5: The arrow in this figure shows the Airy-0 observed by Mars Global Surveyor 
(MGS) Mars Orbital Laser Altimeter (MOLA). Credits: NASA/JPL. 
2.6 Dust Optical Depth in GM3 
Due to significant importance of the atmospheric dust loading on atmospheric 
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temperature and Martian weather in general (e.g. Smith et al, 2002), an attempt has been 
considered in GM3 to allow for a global uniform and seasonally-varying of seasonal 
variation dust optical depth as can be seen in Figure 2.7(Akingunola, 2008). 
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Figure 2.6: Seasonal distribution for the total dust optical depth assumed by the second 
version of the GM3 (Akingunola, 2008). 
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Chapter 3 
Frontal Weather Patterns during Late Fall and 
Winter in the Martian South Hemisphere 
3 Introduction 
Weather is the state of the atmosphere at a given time in the particular place and 
there are three key factors to determine the weather; temperature, pressure and humidity. 
Mars, like Earth, has an atmosphere, so it has weather. However, there are similarities and 
differences between the Martian and Earth atmospheres, some of which were discussed in 
Chapter 1. In this chapter we see that weather fronts can form on Mars. 
Frontogenesis is defined as the rate of change of the horizontal temperature 
gradient across a frontal boundary which separates air masses with different temperatures. 
A process is said to be frontogenetic if it increases the temperature gradient and 
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frontolytic when it weakens the front. Frontogenetic is associated with horizontal thermal 
advection because the air masses tend to converge towards the front. Horizontal thermal 
advection refers to a change in temperature caused by the movement of air by the wind. 
Thermal advection is a key factor in frontal activities. Mathematically, temperature 
advection equals 
-U. 'VT (3.1) 
where U is the horizontal wind vector and 'VT is the vector temperature gradient. When 
the wind blows from a warmer to a colder region (i.e. a negative temperature gradient), 
there is warm advection, which is positive because it causes local warming. This explains 
the negative sign (-) in the equation. There are three factors that can make the heat 
advection larger; the strength of the wind, a larger temperature gradient and a smaller 
angle between the wind direction and temperature gradient, i.e. to maximize heat 
advection, the wind should blow normal to the isotherms (Holton, 2004). So, weather 
fronts are boundaries between air masses of different temperatures. From one side of a 
front to the other, the properties of an air mass can change significantly (e.g., contrasts in 
temperature, wind direction, cloud cover, and on-going weather). There are four types of 
fronts; warm, cold, occluded and stationary (Ahrens, 2007). If the warmer and less dense 
(colder and denser) air is moving into an area previously occupied by cool air (warm), the 
front is termed a warm front (cold front). The slope (Z/X) of a typical warm front on 
Earth is very gentle (~11150 to ~11300) in contrast to that of a cold front (~1150 to 
~ 1/100). Also the mean low level wind speed in the vicinity of a cold front is much larger 
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than near a warm front (Ahrens, 2007). On Earth, a warm front can produce an extensive 
region of cloudiness and precipitation ahead of the boundary while, the cold front can 
result a less extensive region but with the more intense wind speed (Ahrens, 2007). The 
occluded front can form when, a cold front catches up with a warm front. Then the sky 
would be chaotic and precipitation is widespread. Fronts also may be stationary with no 
change. The combination of these fronts and the critical components can be seen in the 
extra-tropical cyclones (wave cyclones). Extra-tropical cyclones are the synoptic scale 
low pressure systems responsible for most precipitation at mid-latitudes (Ahrens, 2007). 
According to polar front theory, an extra-tropical cyclone develops by forming a wave on 
a frontal surface, separating a warm air mass from a cold air mass. The primary energy 
source of these systems is the conversion of potential energy to kinetic energy (Holton, 
2004 ). Figure 3 .1 a and Figure 3 .1 b show the different frontal systems6 and vertical 
structure of an extra-tropical cyclone respectively. 
6 Understanding of the evidence of these different types fronts mentioned here for Mars could be addressed 
in the future work. 
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Figure 3.la: Different frontal systems; stationary, cold, warm and occluded fronts (figure 
from Ahrens, 2007). 
Figure 3.1 b: The vertical structure of an extra-tropical cyclone (figure from Ahrens, 
2007). 
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Frontal weather systems and extra-tropical cyclones can develop on Mars, as on 
Earth (Hollingsworth and Kahre, 2010). The first photograph from Mars that clearly 
showed the formation of extra tropical cyclones was obtained by the imager on the Viking 
Obiter I. That storm system was observed at 81°N, 160°W, Ls = 105° (Figure 3.2). 
Another storm system was observed by Viking Orbiter 1 at Ls= 126° (northern summer) 
at about 66°N and 227°W (Figure 3.3). The observed brightness temperature shows that 
the atmosphere is too warm for the observed cloud to be composed of C02 ice particles 
(Hunt and James, 1979). Observation by the Mars Global Surveyor Mars Orbit Camera 
shows. the southern hemisphere curvilinear clouds and dust storms, including frontal 
events and streaks around the south polar cap during. Ls 140°-250° and Ls 340°-60° 
(Wang et al., 2011 ). Curvilinear dust features are not apparently related to topography. 
But when they appear in the polar hood, they are called streaks. The important factors for 
formation of curvilinear dust or clouds are convergence and · shear in the circulation 
(Wang et al., 2011). 
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Figure 3.2: The first photograph from Mars which clearly showed the formation of an 
extra tropical cyclone was taken by Viking Orbiter 1. That spiral storm system (water ice 
clouds) was observed at Ls= 105° (northern summer) at 81°N, 160° W (Hunt and James, 
1979). 
45 
Figure 3.3: This Martian storm system was observed by Viking Orbiter 1 at Ls 126° 
(northern summer) at 66°N, 227° W (Hunt and James, 1979) 
Also, during autumn, periodic changes were observed in the pressure and wind 
vectors obtained by Viking Lander 2 which strongly suggested the passage of frontal 
systems to the north of the Lander site (Barnes, 1981; Barnes 1980; Hunt and James, 
1979). During fall and winter (when the latitudinal temperature gradient is stronger than 
other seasons at these latitudes), as the fronts become stronger, the winds increase. At the 
Viking Lander 2 site, the wind at 1.5 m above the surface reached 23 m/sec. 
Polar Regions have been recognized as areas where the dynamical process of baroclinic 
instability can cause the development of transient synoptic scale cyclogensis associated 
with frontal structures (Hollingsworth et al., 2008). These frontal systems have more 
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regular life cycles and are quasi-periodic compared those on Earth (Collins et al., 1997). 
Development of water ice clouds, which are observed at high and mid-latitudes, indicate a . 
circulation pattern consistent with baroclinic waves which had been predicted by Mintz 
(1961 ). The wave disturbances occur on the polar front which separates the frigid and 
stable polar air mass from the relatively warmer mid-latitude air masses, especially during 
a transient seasonal period such as early spring or late autumn when there are strong 
temperature contrasts. These traveling disturbances also transport heat, and momentum 
and tracers such as water vapour, water ice and dust from low latitudes to the polar areas 
and high latitudes which influences atmospheric parameters such as temperature, wind, 
cloud, and dust amount (Hollingsworth et al., 2008; 1996). Measurements by the Mars 
Global Surveyor (MGS) thermal emission spectrometer (TES) instrument and Radio 
Science (RS) occultation measurements have shown the existence of large-scale traveling 
weather systems in the southern hemisphere. These traveling waves can be both 
barotropic and baroclinc (Banfield et al., 2003; Hinson et al., 2003). Theoretical and 
atmospheric modeling studies, and also the TES and RS observations, have indicated that 
the northern transient waves are much intense and deeper in comparison to those in the 
southern hemisphere (Hollingsworth et al., 2008). The temperature amplitudes of the 
southern traveling waves can be weaker than northern waves but with similar wave 
numbers 1-3 and the periods can change between two and four days at low levels and 
between six and twenty days or more at upper levels (Hollingsworth et al., 2008). In this 
chapter we analyze the weather structure in high and middle latitude regions in the 
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southern hemisphere during late autumn and winter, using the second generation of the' 
Global Mars Multiscale Model in global uniform mode. This is very important because, 
as will be seen later in chapters 4 and 5, the regional weather patterns with respect to 
topography will be developed during southern fall and winter and change the south ·polar 
seasonal C02 ice cap structure. 
3.1 GM3 Running Configuration 
This section presents results from a GM3 run in the global-uniform configuration with a 
horizontal grid resolution of 4.0°x4.0°. The resolved spatial scale resolution at the equator 
is on the order of 240 km. 
3.2 Model Results 
The temporal average of surface (ground) temperature in the Ls range 80° -110° 
(northern late spring-early summer) centred around Ls 95° is shown in Figure 3.4 which 
indicates the large horizontal temperature gradients at the surface driven by the absorption 
of solar radiation with little IR heating from the atmosphere. Note the strong north-south 
surface temperature gradient at southern mid-latitudes. 
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Figure 3.4: The temporal average of ground temperature in the Ls range 80°-110° 
(northern late spring-early summer) centred around Ls = 95°. The colour bar shows 
temperature in degrees Kelvin. 
A zonal average of a latitude-altitude cross section of temperature in the Ls range 
for the same period time of Figure 3.4 is shown in Figure 3.5. At southern mid-latitudes 
horizontal temperature gradients are quite large compared to other latitudes. The vertical 
temperature structure at southern mid-latitudes shows an inversion and a very deep polar 
cold front which slopes slightly southward with latitude. A vertical cross-section for 
zonally-averaged zonal wind at the same period of time as Figure 3 .4 is shown in Figure 
3.6. The asymmetry can be seen in the zonal wind pattern where in the southern 
hemisphere the westerly polar jet is very strong with a peak speed in excess of 120 mis 
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around 30 Pa in the jet core. There is also a zonal easterly jet at the equator with a peak of 
about 80 mis around 5 Pa in the easterly jet core. 
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Figure 3.5: Temporally and zonally averaged temperature distribution in the Ls range 
80°-110° (northern late spring-early summer) centred around Ls = 95°. The colour bar 
shows temperature in degrees Kelvin. 
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Figure 3.6: Temporally and zonally averaged zonal wind distribution in the Ls range 80°-
1100 (northern late spring-early summer) centred around Ls = 95°. Colour bar shows 
wind in m/sec. Eastward zonal winds prevail during summer at mid-latitudes on Earth, 
but mid-latitude zonal winds are generally westward (here in northern hemisphere) on 
Mars in summer (Read and Lewis, 2004; Leavy, 2001; Conrath et al., 2000). 
3.2.1 Low Level Jet Stream 
Figure 3. 7 shows a horizontal cross-section map of the average zonal wind at 410 
Pa for the same time period as Figure 3.4. 
The westerly jet can be seen in the southern hemisphere. The maximum wind in 
the horizontal core of the south low level jet is ,....., 60 mis. The horizontal meandering 
pattern in the jet around 70°E and 330°E near the Hellas and Agyre basins indicates the 
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formation of stationary topographical Rossby waves (see chapter 4). So the winds can 
vary along Rossby waves and where the wind speeds up (slows down) divergence 
(convergence) occurs (see next section). These will then force rising or sinking motion at 
low levels. This shows the importance of the jet stream on weather system formation. 
These nearly wavy patterns can also develop in the polar front jet stream when significant 
temperature differences exist between warm tropical origin and polar air masses (see next 
section). 
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Figure 3.7: Temporally averaged zonal wind at 410 Pa in the Ls range of 80°-110° 
centred around Ls = 95°. The colour bar shows wind speed in mis. 
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3.2.1.1 Low Level Temperature and Wind Streamline Patterns 
A horizontal cross-section of temporal averaged temperature at 410 Pa for the 
··same time period as Figures 3.4 and 3.7 is shown in Figure 3.8. With consideration of the 
wind flow patterns (Figure 3.9) and thermal pattern shown in Figure 3.8, it shows how 
distortion and moving of the colder temperature air mass flow to the south of the low 
level jet (polar air mass) towards the warmer southern mid-latitude air mass can cause a 
frontal syst~m. Also we see the wavy _pattern for isotherms around Hellas and Argyre 
basins. 
According to -polar front theory, in the mid-latitudes the polar front develops 
· between colder air from the south high latitudes and warmer air from southern mid 
latitudes. The frontal boundary initially is stationary but with any small disturbance as a 
trigger (such as topography) leads to the development of an incipient wave (see Figure 
3. la) and a central low develops due to convergence and uplift, along with cyclonic 
circulation. 
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Figure 3.8: A horizontal cross section of the temporal average of air temperature at 410 
Pa in the Ls range 80°-110° centred around Ls = 95°. The colour bar shows air 
temperature in degrees Kelvin. 
This section ex~mines the wind streamline patterns. Wind streamlines or "lines of 
flow" are a series of curves parallel to the wind throughout an instantaneous flow pattern. 
This pattern of motion can be interpreted immediately and indicates certain peculiarities 
which are not easily discernible from pressure patterns (Saucier, 2003). Thus, streamlines 
and sometimes isotachs (contours of equal wind speed) can be a useful method to 
illustrate the wind field patterns. Immediately, features such as lines of convergence in 
low level flow, forcing upward motion (so that surface air is lifted within the atmosphere) 
or divergence, reflecting sinking motion become apparent. For example, high values of 
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convergence may often denote an area with deep convection. Small arrows denote actual 
horizontal wind directions. The singular streamline is a line of divergence or a line of 
convergence. The simplest singular point (convergence or divergence) is the centre of a 
cyclonic or anti-cyclonic circulation, where streamlines are closed. It is good to remember 
that a convergence line (or zone) is not necessarily a line of maximum velocity 
convergence and conversely, similarly for divergence (Saucier, 2003). 
Figure 3.9 shows a wind streamline analysis at 410 Pa (nearly low level at high 
latitudes) at Ls = 90° at 00 local time at zero longitude (the local time for all 
instantaneous maps shown in this research). This figure shows the presence of two 
cyclonic cells at 90°E and 320°E. It will be shown in chapter 5 that these two different 
local weather patterns impact the formation of the Martian south polar cap and its 
asymmetrical nature. This figure shows the formation of anti-cyclonic ridges to the north 
west (north west and west) and cyclonic troughs to the south of the Hellas and Argyre 
basins. Also formation of nearly flat 'A shape thermal patterns (wavy isotherms) around 
30°S, 70°E and 30°S, 320°E (Figure 3.8) shows a classical signature for mid-latitude 
frontal systems. The thermal field and streamline structure together (Figure 3.8 and 3.9) 
in both mentioned areas show the mixing of cold air coming from southern polar regions 
with the warm air coming from subtropical areas, can cause the formation of frontal 
systems 7 around Hellas and Argyre basins. In the next chapter it will be shown that the 
7 Actually a time sequence of maps is needed to illustrate if the frontal system is translating eastward and 
developing and decaying as is expected for a baroclinic wave system. This can be conducted in future work. 
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existence of the Hellas and Argyre basins can change the shape of streamlines and 
thermal patterns and affect the local weather.around the.areas discussed. · 
Wind streamlines at 41 OP a (Ls = 90°) 
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Figure 3.9: Formation of two cyclonic troughs at 410 Pa below the south low-level jet (Ls 
= 90°). The colour bar shows wind speed in mis. As the figure shows the typical winter 
zonal winds in Martian mid-latitudes are strong westerlies. 
3.2.2 Upper Level Jet Stream 
Figure 3.10 shows a horizontal cross-section of zonal wind at 30Pa for the same 
period of time as Figure 3.4. The strong westerly jet in the southern hemisphere can be 
seen with a maximum intensity in the core of - 120 mis. 
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Figure 3 .10: Temporal average of zonal wind at 30 Pa in the Ls range of 80° -110° 
centred around Ls= 95°. The colour bar shows wind speed in mis. 
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Figure 3.11 shows wind streamline analysis at 30 Pa at Ls = 95°. This figure 
shows two elongated areas of cyclonic circulation (clockwise in southern hemisphere) 
below the southern high level westerly zonal jet. Between ~hese two cyclonic circulations 
(L) the pattern is anti-cyclonic (H). 
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Figure 3.11: Formation of an elongated area of cyclonic circulation at 30 Pa below the 
south, high level jet. The colour bar shows wind speed in m/s. 
3.3 Conclusions 
The Global Mars Multiscale Model (GM3-v2) is used to simulate weather patterns 
in the Martian southern hemisphere for late local autumn and early winter time. The 
simulation reveals significant frontal activities during this period. It also indicates the 
formation a strong south polar front and its associated south polar jet stream. The general 
pattern shows that frontal systems at mid-latitudes can be formed because of the strong 
horizontal thermal gradients between the two different air masses together with cold 
northward winds from the polar regions and warm southward air coming from lower 
latitudes of the Martian southern hemisphere (Hollingsworth et al., 1996). 
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These form classical frontal systems very similar to those on Earth but at much 
low.er surface pressures. A wind streamline analysis in the present study shows the 
formation of anti-cyclonic ridges to the north west (north west and west) and cyclonic 
troughs to the south of Hellas and Argyre basins. It will be shown that these two local 
weather patterns have an impact in the .formation of an asymmetrical pattern of the 
Martian south seasonal C02 ice cap (chapter 5). 
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Chapter 4 
Analysis of the effect of Topography on the 
Martian Weather Systems 
4 Introduction 
Mars, like the Earth, is a rapidly rotating solid planet with a shallow atmosphere. 
There are many similarities in the atmospheric dynamics phenomena between Mars and 
Earth. Also as we have noted earlier, Mars has large scale topographical structures such 
as deep valleys and high mountains which play an important role in the Martian weather. 
Results from the NASA Ames Mars General Circulation Model (Colaprete et al., 2005) 
show that the topography of Bellas and Argyre basins modulates the south polar 
atmospheric circulation. The results of numerical simulations of global atmospheric 
circulation patterns on Mars using the second version of Mars Multiscale Model are 
presented. The effect of the topographical features, Hellas basin centred at 42.7°S 70°E 
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and Argyre basin centred at 49.7°S 316°E (Figure 1.1)-are the particular focus of this 
chapter. These two features play an important role in weather during the southern winter 
at southern high- and mid-latitudes. 
4.1 GM3 Running Configuration 
In this study the MOLA topography in GM3-v2 was switched off and the model 
was run with flat topography in order to compare the results with those for the MOLA 
topography. Topography can enhance horizontal temperature gradients which affect the 
development or intensification of the frontal systems (Hellas and Argyre basins in this 
case study). In this section results from a GM3-v2 run in a global-uniform configuration 
with a horizontal grid resolution of 4.0°x4.0° are presented. Also the albedo and thermal 
inertial fields were retained from standard GM3. 
4.2 Temperature and Wind Streamline Patterns 
Figures 4.1 and 4.2 show the surface temperature distribution, averaged over the Ls 
range 80°-110° (northern late spring-early summer) centred around Ls = 95° in the 
realistic and flat topography model simulations respectively. Generally the low-level 
temperature field in the flat topography is smoother than in the realistic topography case 
in the southern mid-latitudes. In the realistic topography simulation around the northern 
parts of the Hellas (42.25°S,70°E) and Argyre (49.7°S, 316°E) basins the temperature 
contrast with a nearly A.-shape pattern. This pattern cannot be seen in the flat topography 
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simulation. As Figure 4.2 shows albedo and thermal inertial are important responsible 
fields for longitude ground temperature structure at equatorial and northern middle 
latitudes in the flat topography simulation (Saito, 2006). Figures 4.3 and 4.4 are the same 
period but at 410 Pa. In the flat topography simulation the temperature field around 
Hellas and Argyre basins is completely zonal. Figures 4.5 and 4.6 show the geopotential 
height8 and wind streamlines at 410 Pa for the realistic and flat topography simulation at 
Ls = 90°. As can be seen in the realistic topography simulation (Figure 4.5) cellular 
patterns have been formed in the southern hemisphere which are not seen when the 
topography is removed (Figure 4.6). The formation of these cellular patterns is the result 
of topographic stationary Rossby wave formation (Holton, 2004). Topographic Rossby 
waves are planetary waves which are created due to conservation of potential vorticity. 
The waves are generated when large scale topographical features (here such as Hellas and 
Argyre basins) lie across the zonal flow (southern night polar jet). 
Figures 4. 7 and 4.8 show the wind streamlines at 298 Pa for the realistic and flat 
topography simulation at Ls = 90°. Also we can see in the realistic topography simulation 
(Figure 4.7) that cellular patterns have been formed in the southern hemisphere which 
cannot form when the topography is removed in the model simulation (Figure 4.8). Also 
the wind streamline analysis at the time of Figure 4.5 for different heights below (200 Pa) 
shows the same result (Figures have not shown here). 
8 Since the planetary Rossby number on Mars is larger than Earth (0.2 rather than 0.05), ageostrophic 
motions are expected on Mars (Leovy 2001 ). 
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Te,m.poral average of ground te.mperature(Ls:80°-110°) 
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Figure 4.1: Temporal average of ground temperature in the Ls range 80°-110° (northern 
late spring-early summer) centred around Ls = 95° in the realistic topography simulation. 
The colour bar shows temperature in degrees Kelvin. 
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Figure 4.2: Temporal average of ground temperature in the Ls range 80°-110° (northern 
late spring-early summer) centred around Ls= 95° in the flat topography simulation. The 
colour bar shows temperature in degrees Kelvin. 
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Figure 4.3: Temporal average of air temperature (Kelvin) at 410 Pa centred on Ls= 95° in 
the realistic topography simulation (Ls = 80° -110°). 
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Figure 4.4: Temporal average of air temperature (Kelvin) at 410 Pa centred on Ls= 95° in 
the flat topography simulation (Ls = 80°-110°). 
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Figure 4.5: Instantaneous geopotential height and wind streamlines in the realistic 
topography model simulation at 410 Pa (Ls = 90°). The colour bar shows geopotential 
height. Since the planetary Rossby number on Mars is larger than Earth (0.2 for Mars 
rather than 0.05 for Earth, Leovy 2001) the ageostrophic motions are more expected on 
Mars. 
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Figure 4.6: Instantaneous geopotential height and wind streamlines in the flat topography 
model simulation at 410 Pa (Ls = 90°). The colour bar shows geopotential height. 
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wind streamlines at 298Pa (Ls=90°) 
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Figure 4.7: Wind streamlines in the realistic topography model simulation at 298 Pa (Ls= 
90°). 
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Figure 4.8: Wind streamlines in the flat topography model simulation at 298 Pa (Ls= 
90°). 
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In order to gain a better understanding the weather patterns during fall to spring in 
the Martian southern hemisphere, the wind streamlines from Ls= 20° (early southern fall) 
to Ls = 200° (early southern spring) at a frequency of one degree of one Ls have been 
analyzed and will be explained in chapter 5. 
4.3Rossby Waves 
Rossby waves are long-waves or planetary-scale waves which have key influences 
on the atmospheric circulation. These waves are generated in the troposphere by ocean-
land temperature contrasts or topographic forcing (e.g. winds flowing over mountains). 
These waves can be in both barotropic and baroclinic forms. In an inviscid barotropic 
fluid of constant depth (where the divergence of the horizontal velocity can be neglected), 
the barotropic Rossby wave is an absolute vorticity-conserving (11 = ~ + f , where 11 is 
absolute vorticity, is the relative vorticity and f is Coriolis parameter) motion that owes its 
existence to the variation of Coriolis parameter with latitude (beta effect). While in a 
baroclinic atmosphere, the Rossby wave is a potential vorticity-conserving motion 
(Equation 4.3) that owes its existence to the isentropic gradient of potential vorticity 
(Holton, 2004). Following Holton (2004) chapter 7.7, the barotropic Rossby wave zonal 
phase speed ( c) relative to the mean zonal wind (u) is 
c-u=-f3/K 2 (4.1) 
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where {3 = df , is the planetary vorticity gradient which arises because of the meridional 
dy 
varfation of the coriolis force cause4 by the spherical shape of the Earth. Assuming the 
one dimensional wave case (K2 = k 2 where k = 2rc / L) and when {3 =2flcos<P /a , then 
we have 
c - u = -(2flcos<P /4rc2 a)L2 (4.2) 
where fl is angular velocity of the planet, <P is the latitude, a is the mean planet radius 
and L is the wavelength. Therefore the number of waves in any particular latitude band is 
dependent upon a fine balance between the air flow speed through the trough/ridge 
system and the wavelength squared. Figure 4.9 shows a simple schematic ofRossby wave 
and low and upper level convergence and divergence. 
upperletd 
low lenl 
Figure 4.9: A simple schematic ofRossby wave and low and upper level convergence and 
divergence (from McGraw-Hill Dictionary of Scientific and Technical Terms, 6th 
edition). 
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4.3.1 Rossby Waves Vertical Propagation 
On Earth Rossby waves can propagate vertically into the stratosphere where they are 
forced by topographical features (e.g. Himalaya and Rocky mountains in the Earth or 
Hellas basin and Argyre basins in the southern Martian hemisphere) or by land-sea 
diabatic heating differences (e.g. on Earth). Following Holton (2004) chapter 12.3, 
choosing a mid-latitude {J-plane, where fJ = df is constant and also by using the log-dy 
pressure coordinate system as z = -H ln(E-) where H is a constant scale height, the 
Po 
quasi-ge<;>strophic potential vorticity (QGPV) equation is written as 
or 
where 
dq 
-=O dt 
.:..... 2 12 a ( alfJ) q = f + 'V W + -2 -a Po -a · PoN z z 
(4.3) 
<I> Here 'I' = - is the geostrophic streamfunction, f0is constant mid-latitude reference value fo 
of the Coriolis parameter and N 2 = g d zneo is the Brunt-Vaisala frequency squared. The 
dz 
Rossby waves are manifested as a small-amplitude disturbance on a constant zonal-mean 
flow. The flow is broken up into a mean state and perturbation state, such that 'I' = \jJ + 'I'' 
and q = q + q'. If the decompositions are substituted into the equation 4.3 and linearized 
the perturbation field satisfies 
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(~ + U ~) I + /3 a\j11 = 0 at ax q ax (4.4) 
where. 
Equation ( 4.4) has separate solutions ·in form of, 
tlJ' (x, y, z, t) = tJJ(z)ei(kx+ly-cxt)+z/2H (4.5) 
where cxis the zonal phase speed. Substituting ( 4.5) into ( 4.4) gives 
(4.6) 
where 
m2 = Nz [-P- - (k2+l2)] - _1_ 
fo 2 (TI-ex) 4H 2 
If we assume stationary Ross by waves, then Cx = 0 and m 2 must be positive for waves 
which propagatevertically, we see that vertically propagating modes can only exist when 
the mean zonal flow satisfies following condition: 
0 < u < /3[(k 2+l2) + ~]-1 = u 4N2H2 c (4.7) 
where is the Rossby critical velocity. So vertical propagation of the Rossby waves can 
only occur in the presence of westerly winds weaker than a critical value which depends 
on the horizontal scale of the waves. Also equation ( 4.6) shows that only the long waves 
are able to propagate vertically (i.e. smallk2 ). 
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4.4 Vertical structure of South the Polar Front Jet 
Figure 4.10 shows the vertical cross-section of the zonally averaged wind 
streamlines around Ls = 90°. The appearance of a discontinuity line (i.e. when the wind 
direction changes from easterlies into the westerlies) around 78°S, which is smoothly 
tilted to higher altitudes, is associated with the breaking up of the south polar jet stream or 
south polar front jet. This sharp shift in wind illustrates cold polar front and therefore we 
see that the· streamlines are terminated at the cold front. The vertical wind shear (e.g. 
Figure 3.6) which extends below the core of the south polar jet is associated with southern 
hemisphere latitudinal temperature gradients that extend to the surface (e.g. Figure 3.5). 
Based on polar front theory this vertical shear is associated with a southern cold polar 
front. As was showed in the previous section, this cold front jet can be broken up into 
Rossby waves and form cellular patterns (cyclonic and anti-cyclonic). Figure 4.11 is same 
as Figure 4.10 but for the flat topography simulation. So the structure described above 
cannot be seen when topography has been removed in the model simulation. 
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Figure 4.10: Vertical cross section of the wind streamlines for the realistic topography 
model simulation (Ls = 90°). 
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Vertical cross section of the wind stream lines s=90° 
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Figure 4.11: Vertical cross section of the wind streamlines for the flat topography model 
simulation (Ls = 90°). 
4.5 Conclusions 
Generally, the low-level air temperature pattern in the flat topography simulation is 
very smooth in comparison with the realistic topography for southern and northern mid-
latitudes. The temperature and wind patterns in the southern mid-latitudes during southern 
winter in the flat topography simulation have nearly zonal structures whereas in the 
realistic topography simulation they have cellular structures with cyclonic and anti-
cyclonic patterns which are important in the southern Martian winter weather (chapter 3 
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and chapter 5). The south polar jet stream band has a smooth pattern in the flat 
topography simulation whereas in the realistic topography simulation the night polar jet 
core has a broken pattern, as a result of the stationary topographic Rossby wave 
formation. 
74 
Chapter 5 
Topography and Albedo Impacts at the Martian 
South Polar C02 Ice Cap 
5 Introduction 
The Martian atmosphere is approximately 95% C02 where about 30% condenses at 
each polar surface during fall and winter seasons when the temperature falls below ,....., 148K 
around the carbon dioxide condensation temperature (James et al., 1992; Forget et al., 
1998). Due to the seasonal variation in solar radiation at the polar regions, C02 can 
alternatively condense during late fall and winter and sublimate in at late spring and 
summer. Variations in the solar insolation also controls both the depth and horizontal 
extent of the C02 layers and drives exchange of C02 content between caps and the 
atmosphere (see sections 1.2 and 1.3). 
75 
5.1 Martian South Polar Cap 
The Martian south pole is characterized by a longitudinally asymmetric residual 
ice-cap composed of both C02 ice and water ice (Section 1.3). On the other side 
(compared to the residual ice cap) there is an ice free region during summer called the 
cryptic region9. The southern residual ice cap is confined between 240°£ and 360°£ and 
0°E and 30°E longitude and nearly from the pole to ,...,82.5°8. The opposite side i.e. the 
cryptic region mostly covers between 75°8 and 85°S in latitude and 50°£ to 210°£ in 
longitude and is characterized by low albedo (Titus et al., 2003 and Kieffer et al., 2000). 
Some properties of ice polar caps have been explained in section 1.3. 
Due to the different reflectance properties of C02 ice and water ice, the spectral 
information indicates the differences between them. Figures 5 .1 a and 5 .1 b (from 
Mohammed, 2010), show the transmission spectra that were acquired from Bernard 
Schmitt and Sylvain Doute in Grenoble, France at the Laboratoire de Glaciologie et 
Geophysique de !'Environment (LGGE) in association with CNRS (centre national de la 
recherche scientific). Figure 5 .1 a shows that the absorption features for carbon dioxide ice 
are located primarily at 1.4µm, 1.6µm and a few lines surrounding 2.0µm depending on 
thickness of carbon dioxide ice sample whereas absorption lines for water ice (Figure 
5.lb) are broad and centred primarily at 1.5µm and 2.0µm (Langevin et al., 2006a). 
9 During the disappearing of the seasonal ice cap when the sun's rays make into the deeper layers, the spots, 
spiders and fans developing in the cryptic region, they were detected by Mars Orbiter Camera on Mars 
Global Surveyor. 
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Figure 5.la: Carbon dioxide ice transmittance spectra from LGGE. Narrow absorption 
bands are located primarily at 1.4 µm, 1.6 µm and a few lines surrounding 2.0 µm 
(Langevin et al., 2006a). The blue, red and green spectra are for 5 mm, 20 mm and 50 
mm sample thickness, respectively (Figure from Mohammed, 2010). 
77 
Water tee 
l.l 
l 
0.9 
0,8 
CJ> 0.7 
0 
·t= 
f! 0.6 
~ 0.5 e 
e 
fW 0.4 
0.3 
(l.2 
('U 
0 
0~9 l 1.1 1 . .2 1.3 1.4 1.5 1.6 1.1 1.S 1.9 2 :u 2.2. 2.3 2.4 2.5 2.6 2.7 
Figure 5.1 b: Water ice transmittance spectra from LGGE. Broad absorption bands are 
centred at l .5µm and 2.0µm (Langevin et al., 2006a). The blue, red and green spectra are 
for 20mm, 80mm and 200mm sample thickness, respectively (Figure from Mohammed, 
2010). 
Figure 5. lc is a mosaic image which was built from ten observations by the 
OMEGA Visible and Infrared Mineralogical Mapping Spectrometer onboard ESA's Mars 
Express, during the Martian early to mid southern spring. The albedo is evaluated 
assuming a perfectly diffusive surface (Lambert albedo). The grey scale extends from 
10% (black) to 80% (white). Over part of the image, a false colour scheme is 
implemented, with each of the three colour channels remaining proportional to the 
reflectance factor at 1.08 µm; the red channel is enhanced proportionally to the C02 band 
depth at 1.43 µm; and the blue and green channels are enhanced proportionally to the 
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H20 ice band depth at 1.5 µm. The low albedo region within the cap very closely matches 
the cryptic region determined by Thermal Emission Spectrometer (TES). Most of the 
seasonal and residual ice cap spectra are dominated by C02 ice (reddish tones), with very 
bright regions ('a': 345° E, 86.2° S, albedo ,...,80%) and less bright regions with much 
stronger C02 ice signatures ('b': 68° E, 73 ° S, albedo ,...,42% ). The seasonal cap is 
compositionally very heterogeneous between longitudes 60° E and 220° E. Relatively 
bright (albedo >40%) areas are spectrally dominated by either C02 ice (reddish tones) or 
H20 ice (bluish tones; for example, region 'c' at 200° E, 72.8° S). Within the cryptic 
region itself, defined by albedos <30% at latitudes higher than 70° S, signatures of both 
C02 ice and H20 ice are much weaker than those observed in other areas of the seasonal 
cap. A representative area (80° E, 82.5° S), with an albedo of ,...,25%, is labelled 'd'. 
79 
Figure 5. lc: This mosaic image was built from ten observations by the OMEGA Visible 
and Infrared Mineralogical Mapping Spectrometer on board ESA's Mars Express, during 
the Martian early to mid-Spring. a: bright, fine-grained "C02 ice" (reddish tone changes 
base on spectral properties e.g. Figure 5.la), b: larger grained "C02 ice" which is not 
quite as bright, c: water ice frost, d: cryptic region. 
5.1.1 C02 Ice Accumulation Mechanism at Martian South Polar Cap 
The style of surface C02-ice formation over the Martian south polar regions has 
two different mechanisms that can build up a seasonal ice cap. One possibility is that the 
frost formation is due to the direct deposition of C02-ice when the surface temperature 
and the air temperature in the bottom atmospheric layer near the surface is less than the 
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frost point temperature of C02 (~146-148 K) 10• However, precipitation of C02 snow 
occurs by condensation in the atmospheric column followed by C02 snow falling to the 
surface and surviving if the surface temperature is equal or less than C02 freezing 
temperature. Thus, these two different deposition processes can control the south polar 
cap albedo. It is anticipated that small C02 ice grains or C02 snow, freshly precipitated to 
the surface results in bright surfaces or higher albedo while direct-depositing ice forms 
larger and rougher C02 frost grains in the surface resulting in darker surfaces and smaller 
albedo (Kieffer et al., 2000; Titus, et al., 2001 ). Therefore, it is the darker frosty zones 
(cryptic region) that sublimate more rapidly during late spring and summer rather than the 
brighter areas covered by snow (Kieffer et al., 2000; Piquex et al., 2003). Therefore, the 
darker frosty zones can completely disappear during the summer. In addition, these 
deposition mechanisms are dependent on two different types of regional weather which 
occur during late fall and winter. These two mechanisms result from different aspects of 
the dynamical forcing of the large scale topographical impacts of the Hellas and Argyre 
basins. These can be seen from the NASA Ames Mars General Circulation Model 
(Colaprete, et al., 2005) and the second version of Global Mars Multiscale Model 
simulations. 
10 The frost point temperature of C02 is a function of atmospheric pressure (see section 5.2.2). 
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5.2 C02 Condensation and Sublimation in the Model 
Here we describe how the condensation and sublimation of C02 on the ground 
and in the atmosphere are calculated in the model. The condensation and sublimation of 
carbon dioxide on the ground is primarily controlled by relatively · simple physical 
processes. When the surface temperature falls below the condensation temperature, C02 
condenses and releases the latent heat required to keep the solid-gas interface at the 
condensation temperature. Conversely, when C02 ice is heated, it partially sublimes ·to 
keep its temperature at the frost point temperature. Also the loss of atmospheric C02 mass 
due to condensation (or conversely the gain due to sublimation) has to be taken into 
account to modify the surface pressure at each time step. 
5.2.1 C02 Condensation and Sublimation in the Atmosphere 
The model atmosphere consists of N layers (Akingunola, 2008). In each layer, at 
each computational time step, the C02 gas condensation occurs when the predicted 
temperature Tk is less than the local condensation temperature of C02, Tc02 k in Kelvin, at 
any vertical level k in the model. The frost-point temperature is a function of C02 
pressure, Pc02 (Pa) given by, Read and Lewis (2004) as (Figure 5.2); 
Tc02 = 149.2 + 6.48 ln( 0.00135Pc02 (Pa)), (5.1) 
If T is low enough, then the mass of the atmospheric C02 gas which may condense out of 
the topmost layer (k = N) of the atmosphere is obtained from the heat energy balance by; 
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(5.2) 
where omN is the mass of ice that has condensed (and is greater than zero when 
condensing), MN is the mass of the C02 in the topmost layer, Cp the specific heat of C02 
at constant pressure, and LH = 5.9x105 J kg-1 is the latent heat of condensation of C02• 
This ice is assumed to be instantaneously transported to the layer below (this is a simple 
representation of the settling process). Below this level, the fact that the atmosphere 
might have condensed in the layers above must be taken into account (Forget et al., 1998) 
as; 
(5.3) 
where, z1c is the altitude in middle of layer k; g is the acceleration due to Mars gravity, 
and cik= 349 + 4.8 TK in J kg-1 K-1 is the specific heat of C02 ice. The term [g(zk+l -
zk )l I~:l omz corresponds to the potential energy released by this amount of C02 ice 
falling from layer k + 1 (aerodynamical friction). The term [ cik ( Tc02 k+i - Tco 2J] 
If=k+l omz corresponds to the energy used to heat the ice mass If=k+i omz from the 
temperature T co 2 to T co 2 . Also the ice in the atmosphere can resublime during its k+l k 
descent. On decent, condensed atmospheric C02 ice resublimes if it encounters a warmer 
layer when the predicted temperature is greater than the C02 frost point temperature. 
Then an amount omk < 0 is sublimed, and the layer temperature is set to the frost-point 
temperature. However, if all the condensed C02 ice falling from upper layers sublimes in 
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a layer, i.e. if -6mk > If=k+i 8m1 , then 6mk is set equal to -If=k+i oml , and the updated 
layer temperature is given by; 
5.2.2 C02 Condensation and Sublimation on the Ground 
The total mass of C02 ice deposited on the ground surface in each time step is the 
sum of atmospheric C02 ice falling to the ground, and that formed at the surface layer. 
The mass of condensate on the ground is calculated using the same equation as that of the 
atmospheric condensation (equation 4.3) with k = 0 and replacing CpMk to C5 A, where 
C5 =833.4 J m-
2 K-1 is the surface heat capacity (Christiansen and Moore, 1992) and A is 
the surface area of the grid mesh. At each time step, the mass If=o 8m1 is added to the 
amount of ice on the ground m0 • Then T0 = Tc020 , unless the ground ice completely 
sublimes (when -8m0 > m 0 +:Lf=1 8ml is predicted). Then om0 is set to 8m0 = -m0 -
:Lf=1 8ml and new surface temperature is calculated as: 
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Figure 5.2: The frost-point temperature is as a function of C02 pressure given by Read 
and Lewis, (2004). 
5.3 Model Results 
In the following sub-sections the temporally averaged temperature distribution in 
different seasons (i.e. winter, spring, summer and fall) at different sub-polar latitudes will 
be discussed to understand the asymmetrical nature of the south polar ice cap during ice 
formation or sublimation based on temperature structure. 
Here, in the plotted figures the data were interpolated or extrapolated (bi-linearly 
by using the Gr ADS (http://www.iges.org/grads/) if needed. 
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5.3.1 Model Results (Ls: 60°-80°) 
The late fall season is very important for the study of ice caps for both 
hemispheres because the atmosphere cools and the seasonal ice cap begins to build up. 
The maximum expansion rate of the south seasonal C02 ice cap occurs in the Ls range 
80°-90° (Forget, 1998). In this study, we look at the vertical structure of temperature for 
fixed latitudes but different longitudes. Figures 5.3a and 5.3b show the temporally 
averaged temperature-pressure distribution in the Ls range 60° -80° (southern late fall) . 
centred around Ls= 70° at 56°S and 64°S , respectively. Figure 5.3a shows a wide warm 
column air between 30°-240°E (cryptic region) below 80 Pa and a cold column of air 
around 60°W (300°E) below --200 Pa. Figure 5.3b shows that near 60°W (300°E), the 
cold column of air can make atmospheric condensation possible, and thus, snow 
precipitation can occur (i.e. from the Figure 5.2, the C02 condensation temperature at 
pressure --5-5.5mb is calculated --146-147 K). Between 160°E and 240°E (120°W), and 
also between 30°E and 65°E, with an upper warmer air column, direct deposition can 
occur on the surface if the near surface (in bottom atmospheric layer) temperature permits 
condensation, thus forming frost over the cryptic region. Another cold air column below 
300 Pa, although rather weak, can be seen around 120°E. 
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Figure 5.3a: A 2D temporally averaged temperature-pressure distribution at 56°S in the 
Ls range 60°-80° (southern late fall) centred around Ls= 70°. 
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Figure 5.3b: A 2D temporally averaged temperature-pressure distribution at 64°S in the 
Ls range 60°-80° (southern late fall) centred around Ls = 70°. The approximate area 
where the temperature is below the condensation point of C02 is marked in blue. 
5.3.2 Model Results (Ls: 80°-100°) 
Figures 5.4a and 5.4b show the temporally averaged temperature-pressure 
distribution in the Ls range 80°-100° (southern late fall-early winter) centred around Ls= 
90° at 60°S and 68°S respectively. Figure 5.4a shows two cold troughs centred around 
90°E and 300°E below lOOPa. Also two warm air ridges around 30°E and 180°E can see 
in this figure. Figure 5.4b shows two cold columns centred around 100°E and 300°E 
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below lOOPa. Similar to figure 5.4a, around 35°E and 180°E two warm air ridges can see. 
Both Figures 5 .4a shows longitudinal temperature variation in the southern sub-polar 
regions 
Longitude(D) 
Figure 5.4a: A 2-D temporally averaged temperature-pressure distribution at 60°S in the 
Ls range 80°-100° (southern late fall-early winter) centred around Ls= 90°. 
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Figure 5.4b: A 2-D temporally averaged temperature-pressure distribution at 68°S in the 
Ls range 80°-100° (southern late fall-early winter) centred around Ls = 90°. The 
approximate area where the temperature is below the condensation point of C02 is 
marked in blue. Here, in the plotted figure the data were interpolated or extrapolated (bi-
linearly by using the GrADS (http://www.iges.org/grads/) if needed. 
5.3.3 Model Results (Ls: 170°-190°) 
The spring polar cap is characterized by small-scale inhomogeneities in the polar 
cap boundary and in the albedos within the frost-covered region (Forget, 1998). Thus, the 
south seasonal C02 ice cap in the frost-covered regions loses C02 ice faster than the 
snow-covered regions (Forget, 1998). 
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This section will present the temporally averaged temperature-pressure 
distribution during the southern,. late winter to early spring. Figures 5.5a and 5.5b show 
the temporally averaged temperature-pressure distribution in the Ls range 170° -190° 
(southern late winter-early spring) centred around Ls= 180° at 68°S and 80° respectively. 
Figure 5.5a shows a wide warm air column centred around 240°E below lOOPa. Figure 
5.5b show longitudinal asymmetry for temporally averaged temperature-pressure 
distribution for southern sub-polar regions during Ls ....... 170°-190°. A warm air column 
with maximum temperature around 156 K can be seen around the Martian cryptic region 
(80°S, 220 °E) whereas around non-cryptic region (between 240°E and 360°E and 0°E 
and 30°E longitude) the temperature is colder than in the cryptic regions. 
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Temporally ~Feraged temperature-pre,ssure distribntimt at OSCS (Ls:l70°-I90°) 
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Figure 5.5a: A 2-D temporally averaged temperature-pressure distribution at 68°S in the 
Ls range 170°-190° (southern late winter-early spring) centred around Ls= 180°. 
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Figure 5.5b: A 2-D temporally averaged temperature-pressure distribution at 80°S in the 
Ls range 170°-190° (southern late winter-early spring) centred around Ls= 180°. 
5.3.4 Model Results (Ls: 260°-280°) 
At the end of spring and shortly before the summer solstice in the southern 
hemisphere (Ls = 262.6°) the south polar cap (which does not sublimate completely), as 
observed by Viking Orbiter 2 during the extended Viking mission, had an asymmetric 
shape and its centre was displaced by about 6° in latitude from the pole (James et al., 
1979). 
In this section the temporally averaged temperature-pressure distribution during 
southern late spring to early summer in the southern sub-polar region will be discussed. 
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This section will present the temporally averaged temperature-pressure distribution 
during northern late fall to early winter at northern sub-polar regions to compare with the 
pattern already seen in section 5.3.2 during southern late fall to early winter season. 
Figure 5.6 shows the temporally averaged temperature-pressure distribution at 
76°S in the Ls range 260°-280° (southern late spring-early summer) centred around Ls = 
270°. This Figure shows that a relatively warm summery air mass dominates the southern 
hemisphere and the longitudinal asymmetry in the temperature pattern does not occure 
during this time period. 
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Figure 5.6: A 2-D temporally averaged temperature-pressure distribution at 76°S in the Ls 
range 260°-280° (southern late spring-early summer) centred around Ls= 270°. 
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Figures 5.7a and 5.7b also show the temporally averaged temperature-pressure 
distribution in the Ls range 260°-280° (northern late fall-early winter) centred around Ls 
= 270° at 60°N and 68°N respectively. Figure 5. 7a shows that the temporally averaged 
temperature at 60°N is above the C02 frost temperature. The general pattern is nearly 
symmetric at different longitudes. Figure 5.7b shows a similar pattern as figure 5.7a. A 
cold trough with a temperature around 150 K can be seen below 300Pa. In both Figures 
5.7a and 5.7b, the isotherms have nearly flat patterns and there is no remarkable 
longitudinal temperature variation. 
By comparison of the general pattern of the temporally averaged temperature-
pressure distribution for southern late fall-early winter (Figures 5.4a and 5.4b) and 
northern late fall-early winter (Figures 5.7a and 5.7b) remarkable longitudinal 
temperature variations in the southern sub-polar. regions can be seen whereas there are 
nearly flat isotherms in its counterpart at nearly the same seasonal condition. The cause of 
longitudinal variation temperature in the Martian southern hemisphere is related to 
topographical Rossby wave formation during its winter season (sections 4.2, 4.3 and 5.4). 
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Figure 5.7a: A 2-D temporally averaged temperature-pressure distribution at 60°N in the 
Ls range 260°-280° (northern late fall-early winter) centred around Ls= 270°. 
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Figure 5.7b: A 2-D temporally averaged temperature-pressure distribution at 68°N in the 
Ls range 260°-280° (northern late fall-early winter) centred around Ls= 270°. 
5.3.5 Model Results (Ls: 350°-10°) 
By reversing the zonal wind from easterly to westerly (changing the horizontal 
temperature gradient pattern) during the fall season in the southern hemisphere again 
expects to see longitudinal variations in temperature caused by topographical Rossby 
wave formation in the southern mid-latitudes (Leovy, 2001). 
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Figures 5.8a and 5.8b show the temporally averaged temperature-pressure 
distribution in the Ls range 350°-10° (southern late summer-early fall) centred around Ls 
= 360° at 72°S and 80°S respectively. All three figures illustrate the longitudinal 
asymmetry of the vertical temperature distribution for southern sub polar regions for this 
time. In these figures, the warm air around the cryptic region can be seen whereas the 
temperatures around non-cryptic regions (~0°-30°E and ~310°-360°£) are colder than 
cryptic region ( ~60°-210°E). The cause of the longitudinal variation temperature in the 
Martian southern hemisphere is related to topographical Rossby wave formation during 
this period of time (e.g. sections 4.2, 4.3 and 5.4). 
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Figure 5.8a: A 2-D temporally averaged temperature-pressure distribution at 72°S in the 
Ls range 350°-10° (southern late summer-early fall) centred around Ls= 360°. 
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Tempor.aiJly averaged temperature-pressure distribution at 80°S (Ls: range 35-0°-10°) 
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Figure 5.8b: A 2-D temporally averaged temperature-pressure distribution at 80°S in the 
Ls range 350°-10° (southern late summer-early fall) centred around Ls= 360°. 
5.4 Topography Impact on the Martian South Polar Winter Weather 
In this section the GM3-v2 dynamical simulation results such as temperature and 
wind fields (for both realistic and plane topography) showing the effect of topography on 
local weather patterns in the Martian mid and high latitudes will be discussed. The 
temperature patterns (time averaged pressure distribution for three sols centred on Ls = 
90° for every 15 minutes time step running) and also the wind streamlines patterns (e.g. 
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sections 3.2.1.1 and 5.5) at Ls = 90° (Martian southern winter solstice) and for both 
standard model and plane topography will be analyzed. 
Figure 5.9a shows temporally averaged temperature-pressure distribution in the 
three sols around Ls = 90° (southern hemisphere winter) at 64°S. Between 150°E and 
240°E (around cryptic region) a warm air tongue has formed whereas cold air columns 
occur over 80°E-130°E and the area between 250°E and 360°E (around permanent C02 
ice cap) can be seen. Figure 5.9b shows the temporally averaged temperature-pressure 
distribution for the same time period when plane topography is used in the model. This 
figure shows nearly flat and cold temperature distribution at latitude 64 °S for different 
longitudes whereas in the standard model the warm tongue between 150°E and 240°E 
(around cryptic region) is very remarkable which cannot be seen in the plane topography. 
The cause of this longitudional variation in temperature (can be seen in the figure 5.9a) is 
topographical Rossby wave formation in the southern mid-latitudes during southern 
winter solstice (e.g. sections 4.2, 4.3 and 5.4). Thus the comparison of figures 5.9a and 
5.9b confirms that topography has important role in driving longitudinal asymmetry in the 
temperature-pressure distribution for southern mid and high latitudes (figures for other 
latitudes are not shown here). 
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Figure 5.9a: A 2-D temporally averaged temperature-pressure distribution in the three 
sols around Ls = 90° (southern hemisphere winter) at 64°S (standard model). The 
approximate area where the temperature is below the condensation point of C02 is 
marked in blue. 
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Figure 5.9b: A 2-D temporally averaged temperature-pressure distribution in the three 
sols around Ls = 90° (southern hemisphere winter) at 64°S (plane topography). The 
approximate area where the temperature is below the condensation point of C02 is 
marked in blue. 
Figure 5.1 Oa shows the horizontal temperature advection (see section 3) averaged 
over 3 sols centred on Ls = 90° (southern winter solstice) at 460 Pa. Figure 5 .1 Ob is the 
same but for the plane topography. In the standard model simulation, the presence of 
warm air advection at southern high latitudes mostly around cryptic regions and cold 
advection at mid-latitudes around the Hellas and Argyre basins is notable compared to 
that resulting from plane topography. For example, around 60°S, 180£ warm advection is 
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about (O.OOOlK/s versus 0.00005K/s) nearly twice as strong as that for flat topography 
and cold advection is four times (-0.0040K/s versus~ -0.0015-0.0005K/s) stronger in the 
standard model around the Hellas and Argyre basins. So topography can act to moderate 
the temperature field in the Martian southern hemisphere weather during wintertime by 
transporting relatively warmer (colder) air from mid-latitudes (high latitudes) to high 
latitudes (mid-latitudes) associated by wind pattern structures (see chapter 3) . 
•• Loogitude(D) 
Figure 5.lOa: A 2-D map of horizontal thermal advection (x10-4K s-1) averaged over three 
sols centred over Ls= 90° at 460 Pa (standard model). 
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Figure 5.lOb: A2-D map of horizontal thermal advection (x10-4K s-1) averaged over three 
sols centred over Ls= 90° at 460 Pa (plane topography). 
5.5 Weather Patterns during Southern Fall, Winter and Early Spring in 
the Southern Hemisphere 
To better understand the variation of Martian southern hemispheric local weather 
patterns for different seasons, we use wind streamline analysis is used as a very good 
method to show the areas of convergence and divergence of the mass flow (see 3.2.1.1). 
In this section, the wind streamlines from Ls = 20° (early southern fall) to Ls = 200° 
(early southern spring) have been analysed for every degree of Ls in order to understand 
the weather patterns during this time period (all of the figures are not presented here but a 
movie has been prepared for documentation). Wind streamline pattern analysis shows that 
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around early southern fall (Ls = 22°), a cyclonic trough develops (Figure 5.1 la) to the 
south east of Hellas basin (centred at 42. 7°S and 70°E) in the eastern hemisphere. At this 
time we can see another cyclonic trough system (weaker than eastern one) in the south 
west of Argyre basin (centred at 49. 7°S and 3 l 6°E) in the western hemisphere (Figure 
5.1 la). Also wind streamline pattern analysis shows that around the middle of the 
southern fall (Ls = 4 7°), a cyclonic cell develops (Figure 5 .11 b) to the south east of 
Hellas basin the eastern hemisphere and after ---30 sols (Ls = 63°) a second cyclonic 
system develops to the south west of Argyre basin in the western hemisphere (Figure 
5 .11 c ). Here it has been shown that there are two cyclonic circulations; one ·around the-
Hellas basin in the eastern hemisphere and a second one around the Argyre basin in the 
western hemisphere. These results confirm what has been reported by Barnes and Tyler, 
(2007), Forget et al., (1998) and Leovy, (1979). However, between these two cyclonic 
cells, the pattern is anti-cyclonic (Figure 5.1 lc). The anti-cyclonic system extends to the 
cryptic region while the expansion of the cyclonic systems covers the non-cryptic regions. 
These two different regional weather patterns (cyclonic and anti-cyclonic systems) 
dominate most of the southern winter. In addition, they (cyclonic and anti-cyclonic 
systems) have an important impact on the C02 vapour deposition during the Martian 
winter around the pole. A cyclonic system causes cold and unstable or stormy weather 
(e.g. cloud formation and precipitation 11 ) and therefore surface ice accumulation is 
dominated by snow precipitation (Colaprete et al., 2005) with rather higher albedo (see 
11 Perhaps that precipitation is forced by cooling. 
106 
section 5 .1.1) while the anti-cyclonic system causes relatively warm and clear air and thus 
frost accumulation with lower albedo (see section 5.1.1) is dominated by direct C02 
vapour deposition at the surface. It is the differences between these deposition modes that 
. likely determine the cap albedo (Colaprete et al, 2005). The simulation. also shows· 
(Figures 5.1 ld and 5.lle) that the anti-cyclonic pattern dominates the weather between 
the two large-scale basins and includes the cryptic region. The eastern cyclonic· system 
around the Hellas basin dominates the seasonal southern sub-polar weather pattern and 
persists longer than the western cyclonic system. These two cyclones decay around Ls = 
145°. Figure 5.1 le for Ls= 140° shows that the western cyclone has opened up to form a 
cyclonic trough, whereas the eastern cyclonic cell has remained. However, wind 
streamline analysis from Ls = 150° to Ls = 200° shows a gradual weakening of these two 
cyclonic troughs (Figures 5.1 lh and 5.1 li). Figure 5.1 li shows that the cold polar jet has 
weakened considerably, because of the decreasing latitudinal temperature gradient during 
late southern spring. This weakening of the winter weather pattern and the beginning of 
the southern spring weather pattern, which increases the temperature in the polar regions, 
results in a gradual shrinking of the ice cap (see section 5.1.1). 
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Figure 5.1 la: Wind streamline snapshot at 460 Pa (Ls= 22°). 
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Figure 5.11 b: Wind streamline snapshot at 460 Pa (Ls= 47°). 
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Figure 5 .11 c: Wind streamline snapshot at 460 Pa (Ls = 63 °). 
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Figure 5.1 ld: Wind streamline snapshot at 460 Pa (Ls= 90°). 
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Figure 5.1 le: Wind streamline snapshot at 460 Pa (Ls= 118°). 
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Figure 5.1 lf: Wind streamline snapshot at 460 Pa (Ls= 126°). 
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Figure 5 .11 g: Wind streamline snapshot at 460 Pa (Ls = 140°). 
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Figure 5 .11 h: Wind streamline snapshot at 460 Pa (Ls = 150°). 
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Figure 5.1 li: Wind streamline snapshot at 460 Pa (Ls= 192°). 
Figure 5.1 lj shows Martian global condensate clouds Observed by the Mars Global 
Surveyor Mars Orbiter Camera for the Second Martian Year (Wang, 2004 ). This Figure 
confirms the occurrence of the both eastern and western cloud systems during the period 
of study. These two cloud systems can be controlled by two mentioned cyclonic systems 
shown by wind streamlines analysis. As we can see in Figure 5.1 lj, the eastern cloud 
system around the Hellas basin persists stronger and longer than the western system. This 
Figure also shows that these two cloud systems get a gradual weakening after Ls= 150° 
and both of them disappear after Ls = 187° as we showed in wind streamlines study. 
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Figure 5.1 lj: Martian global condensate cloud distribution observed by the Mars Global 
Surveyor Mars Orbiter Camera for the Second Martian Year in the equatorial maps 
between 60N-60S (Wang, 2004). The panels are averaged for the accompanying Ls 
intervals. The Eastern/Western system notes have been added to this figure. 
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5.5.1 Weather Patterns during Southern Winter with Consideration of 
the Sensitivity of the Model to Initial Conditions 
In order to conduct a more detailed investigation of the differences between GM3 
and results from an earlier model which was published by Colaprete et al., (2005), the 
GM3 has been run with similar assumptions to those made by Colaprete. Specifically the 
model has been run at a lower resolution of 5°x6° and with the dust optical depth oft = 
0.3. Figure 5.11.la shows wind streamlines at 400 Pa at Ls= 90. This figure shows a 
cyclonic system in the southern western hemisphere whereas the eastern hemisphere is 
controlled with warm anti-cyclonic ridge. A temperature-pressure distribution at Latitude 
70 °S has been presented in Figures 5.11.1 b. This figure shows a cold trough around 
270°E and 80 Pa (in the western hemisphere) and a warm air ridge centred around 60°E 
and 100 Pa (in the eastern hemisphere). Thus GM3 with similar assumptions shows the 
same flow pattern as Colaprete et al., (2005). As noted earlier, the standard GM3 (with 't 
= 0.15) shows two cyclonic systems controlling the Martian southern winter pattern. 
Between these two cyclonic systems the pattern is anti-cyclonic (Figure 5.11.2a). The 
vertical structure of the temperature field for the same time and latitude (70°S) shows two 
cold troughs centred at 70°E below 100 Pa and 270°E below 20Pa. 
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Figure 5.11.la: Wind streamlines at 400Pa (Ls= 90°, GU 5°x6° and L = 0.3). 
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Figures 5.11.1 b: A 2-D temperature-pressure profile at Ls= 90° and 70°S (GU 5°X6° and 
't = 0.3). 
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Figure 5. l l .2a: Wind streamlines at 400 Pa (Ls= 90°, standard model). 
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Figures 5.1 l .2b: A 2-D temperature-pressure profile at Ls = 90° and 70°S (standard 
model) 
It is remarkable that only resolution changing (running at 5°x6° instead of 4 °x4 °) 
does not make significant issue. Figures have not shown here. So it is concluded that the 
model predictions are sensitive to atmospheric dust loading. 
The standard GM3 model was run for the second year and the result shows that 
formation of these two cyclonic systems is a regular winter feature which is expected to 
occur every year. Figures 5.11.3a and5.11.3b show wind streamlines at 460 Pa around 
the first southern winter and around the second southern winter respectively. 
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Wind streamlines at 410 Pa (Ls: 80°-110°) 
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Figure 5. l 1.3a: Wind streamlines (temporally averaged) at 410 Pa during first winter in 
the southern hemisphere (Ls= 80°-110°). 
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Figure 5. l 1.3a: Wind streamlines (temporally averaged) at 41 OPa during second winter in 
the southern hemisphere (Ls= 440°- 470°). 
5.6 South Polar Cap Albedo Modification in the Global Mars Multiscale 
Model 
As noted earlier, the surface albedo data in the Global Mars Multiscale Model 
was obtained from the Mars Global Surveyor (MGS) Thermal Emission Spectrometer 
(TES) visible near-IR data (Christensen et al., 2001), and the thermal inertia map was 
derived from the MGS TES thermal bolometer data (Putzig and Mellon, 2007). Thus the 
albedo map which is used in the model represents a mean state of albedo for all seasons 
of the planet. However, the albedo derived from observations made by the Thermal 
Emission Spectrometer on board the Mars Global Surveyor (MGS) indicates significant 
seasonal differences in albedo between cryptic and non-cryptic regions (Colaprete, et al., 
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2005). So, to better represent physical processes occurring in polar regions the albedo 
should be modified to account for seasonal change, driven by the formation of surface 
ice 12• The standard GM3 physics code does not consider the difference between cryptic 
and non-cryptic albedo values and assigns the same values for both cryptic and non-
cryptic regions (see Figures 5 .12a and 5. l 2c ). Therefore in this work, albedo and thermal 
inertia values have been modified at the south polar cryptic and non-cryptic areas (see 
Figures 5.12b and 5.12d). In the standard GM3 version, in the north polar area the albedo 
(Figures 5.12a and 5.12c) varies between 0.5 (at 84.9°N) to 0.22 (at 71.6°N) while 
thermal inertia (Figure 5. l 2a) changes from 400 Jm-2s-0·5K to 300 Jm-2s-0·5K. In this work 
the albedo (Figure 5.12b) for the north cap varies from 0.54 13 (84.9°N) to 0.22 (at 
71.6°N) and thermal inertia values are the same as in the standard model (Putzig and 
Mellon, 2007; Byrne et. al., 2008). A higher value is assigned for the albedo of the non-
cryptic regions (240°E and 0°E and 0°E and 30°E) in the southern polar region. These 
regions are covered with a blanket of C02 ice (residual C02 ice cap) which does not 
evaporate even in the southern summer. As discussed in the next section, the temperature 
of permanent C02 ice areas should be fixed at the C02 condensation temperature year 
round because of contact with the atmosphere (see section 5.7). For the cryptic region, 
which mostly lies between 75°S and 85°S and 50°E and 210°E, lower values (see below) 
have been considered. In the standard model the albedo for latitudes larger than 83 °S 
12 Also this modification will likely be very important in the water cycle simulation of the mode1. 
13 In this work we have not emphasized on Martian north polar cap albedo, so we have just considered a 
small increasing changes in albedo values in the modified version rather than standard version. 
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have the fixed value 0.5 but in the modified version (GM3-Ml), the albedo varies from 
'""O. 78 to '""0.3 at non-cryptic regions and '""0.25 to '""0.15 at cryptic regions (Vincendon et 
al., 2007; Langevin et al., 2007; Byrne et al., 2003; Forget et al., 1998). Also thermal 
inertia has been modified slightly and varies between 150-50 (Jm-2s-0.sK) in non-cryptic 
regions (Putzig and Mellon, 2007). Here these values are assigned in the physics code and 
the model was run for nearly one Martian year, starting from initial condition at Ls = 80°. 
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Figure 5.12a: The map of thermal inertia (top) in thermal inertia units (TIU) of Jm-2K 1S-
112 and albedo (bottom) of Mars (standard model). 
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Figure 5.12b:The map of thermal inertia (top) in thermal inertia units (TIU) of Jm-2K-1s-
112 and albedo (bottom) of Mars (modified version). 
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Figure 5.12c: Albedo map of the south polar cap (standard model). 
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The albedo map (modified versionl) 
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Figure 5.12d: Albedo map of the south polar cap (modified version). 
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Figure 5.12e: Albedo maps of the south polar cap averaged over Ls= 236.4°-241.9° (left) 
and Ls = 261.6°-262.7° (right) from observations of the south seasonal cap of Mars 
during recession in 2004-2006 · by the OMEGA visible/near-infrared 1magmg 
spectrometer on board Mars Express of Mars (Vincendon et al., 2007). 
As discussed earlier, by the beginning of the· southern spring, the atmosphere· 
warms up and the seasonal ice cap begins to shrink. The frost zone (cryptic region) with 
the lower albedo gradually loses its ice. During the southern late spring and the shrinking 
of the seasonal ice cap, the cryptic region is almost free of ice whereas the non -cryptic 
region (with higher albedo) would still have ice cover. So, it would be seem that the 
southern late spring is the best time to investigate the asymmetrical pattern of the 
southern14 ice cap (see Figure 5.15c). 
14 The images of Mars' north polar cap (http://www.psi.edu/press/archive/20090914marsco2) were taken by 
NASA's Hubble Space Telescope (HST) show that the recession of the northern seasonal polar cap from 
early to late spring follows a symmetrical pattern. 
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Figure 5.13a shows a snapshot of C02 ice mass per square grid point 15 at Ls 237° 
(between Martian southern spring and summer) in a south polar stereographic map 
projection for the standard model. Figure 5.13b shows the same time period but with 
modified albedo and thermal inertia. It can be seen that a large area around the cryptic 
region between 150°W and 300°W (or between 60°E and 210°E) has less surface ice than 
Figure 5.13a. Figure 5.13c is a photo mosaic of the south polar cap at Ls= 237° observed 
by Viking· Orbiter 2 during the extended Viking mission. This mosaic is composed of 
frames taken on orbit 225 (each orbit was completed in 24.66 hours), with a resolution of 
tens of meters per pixel and shows the south polar cap during the second part (from mid 
to late spring) of the southern spring (James et al., 1979). As we can see in this image the 
large areas between 150°W and 300°W (or between 60°E and 210°E) has less surface ice 
frost as discussed by James et al, (1979). A comparison of the Viking Orbiter 2 mosaic 
photo (Figure 5.13c) with the standard version (Figure 5.13a) and the modified version 
(Figure 5.13b) simulations, suggests that the modified version results in a better 
simulation than the standard version. On the other hand the modified simulation shows 
less ice mass around the cryptic region, whereas the standard version simulation shows 
more ice in the cryptic region. Figures 5.13a and 5.13b have shown the snapshots and 
Figures 5.14a and 5.14b show temporally averaged C02 ice mass (x1012kg) in the Ls 
range 230°-260°(~40sols) in the standard model and modified albedo simulation 
15 The data generated by GM3 run for carbon dioxide ice is given in mass (kilograms) per unit area and was 
not saved on a per square metre. The grid "square" changes shape with latitude on a sphere and decreasing 
in size near the poles. Ice mass can be calculated in thickness (section 4.3, Mohammed, 2010). 
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respectively. As for the snapshot version, the time-averaged figure of the standard version 
shows a connected structure ice pattern at the south cap as opposed to the modified 
version which shows a very discrete structure and less ice mass around the cryptic region. 
As has been mentioned before, the south polar ice cap during late spring (Figure 5 .13c) 
has a very asymmetric pattern and is nearly free of ice around the cryptic region. Thus the 
modified version shows an improved result for surface free ice at the cryptic region 
during southern hemisphere late spring compared with the standard version. 
C02 ice mass at the Martian s~uth pole at Ls=l370 (standard model) 
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Figure 5.13a: A snapshot for the C02 ice mass at the Martian south pole (x1012Kg) per 
square grid point at Ls= 237° (standard model). 
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Figure 5.13b: A snapshot for the C02 ice mass at the Martian south pole (x10 12Kg) per 
square grid point at Ls = 23 7° (modified albedo). 
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Figure 5.13c: A view of the entire south polar cap, observed by Viking Orbiter2 during 
the extended Viking mission at Ls= 237° (James et al., 1979). 
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Figure 5.14a: A 2-D temporally averaged C02 ice mass distribution (x1012kg) per square 
grid point in the Ls range 230°-260° (standard model). 
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Figure 5.14b: A 2-D temporally averaged C02 ice mass distribution (x1012kg) per square 
grid point in the Ls range 230°-260° (modified version). 
133 
5. 7 South Polar Permanent Cap Simulation in the Global Mars 
Multiscale Model 
After southern summer solstice (Ls = 270°), observations indicate that the south 
polar cap ice shrinks rapidly and by mid-summer (320°-340° Ls) it remains a relatively 
small residual ice cap (see section 1.3). In fact, most Mars General Circulation Models 
are able to fit the atmospheric budget and the seasonal caps reasonably well by tuning the 
seasonal cap albedos, emissivities, total C02 inventory in the system, and the subsurface 
thermal properties (Forget et al., 1999; Guo et al., 2010; Haberle et al., 2008; Kelly et al., 
2006; Pollack et al., 1993). However, the residual C02 cap simulation remains more 
challenging because the simple energy balance models (with time-invariant albedo and 
emissivity values chosen to fit the Viking Landers pressures) used by all published 
General Circulation Model results do not predict the residual C02 ice cap (Guo et al., 
2010). The GM3-v2 simulation also does not produce a permanent south C02 ice cap, and 
the physics code must be modified in order to capture the realistic physical and 
meteorological processes in the model. 
Thus, we have investigated the atmospheric influence caused by the permanent 
south C02 ice cap in the model in order to see if it can significantly improve the 
representation of south polar meteorology. For example, what is the impact on predicted 
surface temperatures, surface pressures or cloud occurrence and possible initiation of dust 
storms in the south polar region during the southern summer period (see sections 5. 7 .2 
and 5.7.3). 
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In this work, an artificial ice cap has been placed in the southern polar regions 
with areas closely approximating the location of the permanent C02 ice cap. The ice 
blanket was fixed initially in the physics module close to its observed location (James et 
al., 1979) and estimated ice thickness (Byrne et al., 2003; Smith et al., 2001; Malin et al., 
2001 ). The artificial south polar residual C02 ice cap does not disappear at all times. A 
higher value of C02 ice mass (in Kg per square grid point)16 at ~87°S has been allocated 
which decreases slightly with latitude to _a minimum value of ice mass at 83°S of ice. 
This results in an artificial, permanent residual C02 cap with average C02 ice thickness 
around 8.6 metres. The southern. pole has a permanent residual C02 cap, about 8 to 10 
metres thick (shown by High Resolution Imaging Science Experiment, or HiRISE, on 
NASA's Mars Reconnaissance Orbiter17), that lies on top of the water ice (Byrne et al., 
2003; Smith et al., 2001 ). So in this work, a blanket of ice was initially located on the 
surface at the geographical location of the south permanent C02 ice (88°S-83°S, 240°E-
0°E and 0°E-30°E). The subsequent results use a permanent C02 ice cap of fixed size 
even during southern summer. Indeed, the non-cryptic region is covered with a blanket of 
C02 ice even in southern summer and is not eroded through summer sublimation, in 
agreement with the observation. Here, the model was run nearly for three Martian years, 
starting from Ls = 80°. The formation of the seasonal ice cap over the artificial south 
polar residual C02 ice cap during cold seasons is allowed while during the warm seasons 
16 See section 4.3 from Mohammed (2010). 
17 Radar waves which were sent from Mars Reconnaissance Orbiter reflect off surfaces within the ice and 
travel back to the orbiter. The reflected signals are different depending on the reflective properties of the ice 
i.e. what materials such as C02 ice or water ice and also the thickness (Phillips et al., 2011 ). 
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the evaporation from artificial residual ice cap is not allowed to reduce the thickness of 
the cap below the initial thickness. So the modified model version always has an initial 
artificial polar residual C02 ice cap present. 
Figure 5 .15a shows a snapshot of C02 ice mass per square grid point at Ls = 263 ° 
in a south polar stereographic map projection in the standard model. This plot shows 
nearly free ice cover on south polar cap as expected. Figure 5.15b shows a snapshot of 
C02 ice mass per square grid point at Ls = 263 ° in south polar stereographic map 
projection for the modified version. As can be seen in this plot, the permanent C02 ice 
cap is shown for modified version while the area between 50°E and 210°E (the cryptic 
region) has less ice than non-cryptic regions. Figure 5.15c is a photo mosaic of the south 
polar cap at Ls = 262.6° (shortly before southern summer solstice) observed by Viking 
Orbiter2 during the extended Viking mission. It is composed of frames taken on orbit 267 
with a medium spatial resolution of the south polar cap in late spring (James et al, 1979). 
As discussed by James et al. (1979) this figure shows that the area between 150°W 
(210°E) and 300°W (60°E) has no ice cover. A comparison of Figure 5.15c with results 
from the modified version of GM3 (Figures 5.15a and 5.15b), confirms that is a 
reasonable representation of the Mars south polar residual C02 ice cap. 
About 14 sols later around Ls= 270° the standard model version (Figure 5.16a) 
does not show the ice cap whereas the modified model (Figure 5. l 6b) shows the artificial 
residual south polar cap is still present. Figure 5. l 6c shows a photo mosaic of the south 
polar cap at Ls= 274.5° (about 8.3 sols after southern summer solstice) observed by the 
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Viking Orbiter 2 during the extended Viking mission for orbit 287 (James et al, 1979). It 
is clear that this modified version simulation is quite similar to the Viking photo mosaic. 
There is just a slight difference in time (4.5°in Ls or ~8sols) between the modified version 
simulation (Figure 5 .16b) and the photo mosaic (Figure 5. l 6c ). The cap keeps shrinking 
and by mid-summer (Ls between 320°and 340°) remains as a small residual cap. Figure 
5.17a shows the modified model result for the south residual C02 ice cap at Ls = 321°. 
Figure 5.15a: A snapshot of C02 ice mass (x1012Kg) per square grid point at Ls 263° 
(standard model). 
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Figure 5.15b: A snapshot of C02 ice mass (x10 12Kg) per square .grid point at Ls= 263° 
(modified version). 
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Figure 5.15c: C02 ice cap, observed ·by Viking Orbiter2 during the extended Viking 
mission at shortly before summer solstice (Ls = 262.6°). The south polar cap 1s 
asymmetric and its centre is displaced by about 6° from the pole (James et al., 1979). 
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Figure 5.16a: A snapshot of C02 ice mass (x1012Kg) per square grid point at Ls= 270° 
(standard version). 
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CO: ice mass (xl011) per square grid point at Ls= 270° 
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Figure 5.16b: A snapshot of C02 ice mass (x10 12) per square grid point at Ls= 270° 
(modified version). 
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Figure 5.16c: C02 ice cap observed by Viking Orbiter2 during the extended Viking 
mission, at Ls = 274.5°, the south polar cap 6 sols after summer solstice (James et al., 
1979). 
Figures 5.17a shows a snapshot of the C02 ice cap at Ls = 321° in south polar 
stereographic map projection input from the modified version. Figure 5.17b is a photo-
mosaic of south polar cap at Ls= 321.7° observed by Viking Orbiter2 (at first we show 
Viking images then Mariner image) during the extended Viking mission for orbit 370 
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(James et al., 1979). The color mosaic of Viking Orbiter2 observations shows the 
permanent south polar ice cap is about 400km across. Figure 5 .16c also shows Mariner 9 
B-Frame mosaic (Murray et al., 1972) of the south polar residual cap at Ls = 289.8° 
(around 60 sols earlier than Viking photo-mosaic). These high-resolution B-Frames were 
taken following the rapid recession of the ice cap. Frames were taken on orbits 116 
through 188. They have been transformed to a common polar stereographic projection 
before the construction of the mosaics. These images have a spatial resolution about 300 
metres with solar elevation angles ranging between 10° -15°. The shades of gray were 
optimized to detail ice covered areas, so that the ground (ice-free areas) appears. A 
comparison results from the modified version of the model (Figure 5. l 7a) with the 
observational data (Figures 5.l 7b and 5.l 7c) shows a better simulation than the standard 
version. 
The modified version of GM3 has run for almost three Martian years and the 
results confirm that the artificial south polar residual C02 ice cap does not totally 
evaporate. Figure 5.17d shows the modified model results for the south residual C02 ice 
cap at, Ls= 335° and 695°. 
Figure 5.17e shows standard and modified model results for the south residual 
C02 ice cap at, Ls = 90°, 180°, 270° and 360° respectively. Here we can see that the 
artificial south polar residual C02 ice cap is not allowed to disappear at all times in the 
modified version results. 
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Figure 5.17a: Modified model result for the south residual C02 ice cap at, Ls= 321°. Ice 
mass is given by (xl 012Kg) per square grid point. The plot is not smoothed. 
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Figure 5.17b: C02 ice cap observed by Viking Orbiter2 during the extended Viking 
mission, at Ls = 321. 7° (James et al., 1979). 
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Figure 5.17c: Mariner 9B-Frame Mosaic of south polar cap following the rapid recession 
of the ice cap, at Ls= 289.8° (Murray et al., 1972). 
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Figure 5.l 7d: Modified model result for the south residual C02 ice cap at, Ls= 335° and 
695°. Ice mass is given by (xl012Kg) per square grid point. The plots are not smoothed. 
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Figure 5.17e: Standard(S-V) and modified (M-V) model results for the south residual 
C02 ice cap (SRC) at, Ls= 90°, 180°, 270° and 360°. Ice mass is given by (x1012Kg) per 
square grid point. The plots are smoothed. 
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5.7.1 The Modified Model South Polar Permanent Ice Cap Size 
Estimation 
As noted earlier the diameter of the south residual cap as observed by Viking at Ls 
= 341° is approximately 400km (James et al., 1979). 
The following provides an estimate of the artificial south residual ice cap. As has 
been; seen before, the area of permanent C02 covers between 90°S and 8 l .5°S in latitude 
and 240°£ and 360°£ in longitude plus between 90°S and 83°S in latitude and 0°E and 
30°E in longitude. One degree of latitude on Mars is about 59.26 km. The grid ''square" 
areas are really trapezoidal, not square. The areas scale with the cosine of the map's 
midpoint latitude. The total area is the sum of the two portions; (120° x 59.26 km) x (8.5° 
x 59.26 km) x cos (86°) and (30° x 59.26 km) x (7°x 59.26 km) x cos (87°) which is equal 
to 2.89x105 km2 in area with diameter of approximately 537km. The artificial permanent 
cap diameter is almost 1.34 times bigger than the observed distance across the south 
residual ice cap (~400km) but given the model resolution this seems like a reasonable 
approximation, since our goal is to investigate the impact of a permanent C02 ice cap. 
5.7.2 South Polar Permanent Ice Cap Surface Temperature 
Figures 5.18a and 5.18b show surface temperature poleward of 70°8 in a polar 
stereographic projection for Ls averaged between 290°-320° in the standard version and 
the modified version respectively. As can be seen in Figure 5.18b in the modified version, 
the average surface temperature at the permanent south polar cap in the coldest area is 
~ 140-150K, controlled by the surface C02 ice, whereas in the standard version the surface 
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temperature at the same area is ,...,200-210 K. The OMEGA observations 18, which were 
made between 18 January and 11February2004 when it was late summer ("'Ls= 330°) in 
the Martian southern hemisphere confirmed temperatures of 143 K at the southern 
permanent ice cap (Giuranna et al., 2008). 
Figure 5. l 8c shows surface temperature poleward of 50°S in the same polar 
stereographical projection for Ls averaged between 240°-260° centred at Ls= 250° in the 
modified version. As it can be seen in this figure, the averaged surface temperature at the 
permanent south polar cap in the coldest area is ,..., l 40-150K. Figure 5 .18d shows the 
measured south polar cap temperature at Ls == 251°. The data19 used in this analysis is 
from the Mars Global Surveyor (MGS) Thermal Emission Spectrometer (TES). As it can 
be seen, the south polar permanent cap temperature observed by MGS is around 150K. 
Also the temperature away from the ice cap around 65°S measured by TES at Ls = 251° 
is ,...,263 K (-10° C) compared to predictions of ,...,255 K by the modified model version for 
Ls 240° -260°. The modified model surface temperature at the southern permanent ice cap 
is more realistic than the standard version. 
18 http://www.esa.int/SPECIALS/Mars /Express/SEMYKEX5WRD O.html 
19 http://astrogeology.usgs.gov/geology/mars-ice 
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Figure 5.18a: A 2-D temporally averaged surface temperature distribution for Ls = 290°-
3200 (standard version). 
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Figure 5.18b: A 2-D temporally averaged surface temperature distribution for Ls = 290°-
3200 (modified version). 
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Figure 5.18c: A 2-D temporally averaged surface temperature distribution for Ls 240°-
2600 (modified version). 
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Figure 5.18d: South polar cap temperature at Ls= 251°. The data used in this analysis is 
from the Mars Global Surveyor (MOS) Thermal Emission Spectrometer (TES). Figure 
from http://astrogeology.usgs.gov/geology/mars-ice. 
5.7.3 South Polar Cap Surface Pressure 
Figures 5 .19a and 5 .19b show the actual surface pressure on a south polar 
stereographic map projection for Ls averaged between 290° -320° in the standard version 
and the modified version respectively. Clearly, there is a significant difference between 
these two scenarios with the stronger surface pressure gradient around the pole with a 
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lower value in the low pressure centre ( 4.6 mb comparatively to 4.8 mb) in the modified 
version rather than standard version. This difference can be very important in south polar 
meteorology during the ·southern summer. The existence of a surface pressure gradient 
associated with a cyclonic system (Figure 5.19b) along with a temperature gradient 
(Figure 5. l 8b) can cause the development of active weather systems such as cloud 
formation or increasing wind speed near the surface (see section 5. 7.4) and also the 
possible initiation of dust storms in the south polar region during the southern summer 
period. This shows the impact of the south residual C02 ice cap on south polar. summer 
weather structure. 
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Temporally averaged surface pressure distribution for Ls=290°-320° 
Figure 5.19a: A 2-D temporally averaged surface pressure distribution for Ls= 290°-320° 
(standard version). 
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Temporally averaged surface prnssure distribution for Ls=290°-320° 
Figure 5.19b: A 2-D temporally averaged surface pressure distribution for Ls= 290°-320° 
(modified version) 
5.7.4 South Polar Cap surface Winds 
Figures 5.20a and 5.20b show the near-surface (10 metre) horizontal wind in a 
south polar stereographic map projection for Ls averaged between 290°-320° in the 
standard version and the modified version respectively. Clearly, there is a significant 
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difference between these two scenarios with the stronger zonal wind gradient around the 
permanent south polar cap area with a higher value in the core of the isotach lines 
(,....., 22m/s compared to ,....., 12 mis) in the modified version compared to the standard version. 
This difference is very important because, the surface winds, which can reach to a 
maximum of 16 ms-1, are linked to dust lifting (Holstein-Rathlou et al., 2010). 
Figures 5.21a and 5.21b show the near surface zonal wind (10 metre) in a south 
polar stereographical map projection for Ls av~raged between 290°-320° in the standard 
version and the modified version respectively. Clearly, there is a strong zonal wind shear 
around the permanent south polar cap area in the modified version which is not present in 
the standard version. This difference also can be seen in the meridional wind (figures not 
shown here). As we mentioned before (see section 5.7.3), this difference in the horizontal 
and zonal winds structure can be very important in south polar meteorology during 
southern summer and also in possible initiating dust storms. Figure 5.22 shows the typical 
dust activity during midsummer near the south pole (Toigo et al., 2002). 
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Figure 5.20a: A 2-D temporally averaged near surface (lOm) horizontal wind (m/s) 
distribution for Ls 290°-320° (standard version). The highest value in the core of isotach 
lines is around 12 m/s. 
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Temporally averaged near surface horizontal wind distribution (Ls 290°-320°) 
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Figure 5.20b: A 2-D temporally averaged near surface (lOm) horizontal wind (mis) 
distribution for Ls 290°-320° (modified version). The highest value in the core of isotach 
lines is around 22 mis. 
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Figure 5.21a: A 2-D temporally averaged near surface (lOm) zonal wind (m/s) 
distribution for Ls 290°-320° (standard version). 
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Figure 5.21 b: A 2-D temporally averaged near surface (1 Om) zonal wind (mis) 
distribution for Ls 290°-320° (modified version). There is a strong zonal wind shear 
around the boundary of the permanent south polar cap area. 
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Mars orbltet camera (MOC) on the Mars Global surveyor spaceaaft images of dust activity °''er the sooth. pole{ts ::: 310°) 
Figure 5.22: Mars Orbiter Camera (MOC) on the Mars Global Surveyor Spacecraft 
(MGS) images of dust activity -over the south polar cap area at Ls = 310°. The black 
arrows show the dust clouds (Figure from Toigo et al., 2002). 
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Chapter 6 
Conclusions and Future Work 
The main objeetive of this thesis was to show how different local weather patterns 
can affect the structure of the Martian South Polar C02 Ice Cap. Following Colaprete et 
al. (2005) this study initially focused on the importance of topography and showed that 
topography influences the Martian south polar regional weather patterns during local fall 
and winter seasons. Local weather plays an important role as well as surface albedo 
values of the frost or snow cover over the Martian south polar cap. 
So as the first step in this work, meteorological and physical simulations from Global 
Mars Multiscale Model (GM3-v2) were analysed with simulations for both a flat Mars 
and a Mars with realistic topography.The results revealed the impact of topography on 
different local weather systems and showed significant differences in the horizontal and 
vertical cross-section of temperature when topography was removed from the model. In 
our methodology, wind streamline analysis has been used. The wind streamline analysis 
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is a very good method to show the areas of convergence and divergence of mass flow 
(Saucier, 2003). Thus, patterns of motion can be interpreted immediately and certain 
peculiarities such as singular point (convergence or divergence) or the centre of a 
cyclonic or anti-cyclonic circulation for which streamlines are closed (Saucier, 2003) can 
· be seen. The pattern of wind streamlines around the north pole during the northern winter 
has a nearly symmetric cyclonic pattern whereas the pattern at the south pole during 
southern winter has an asymmetric structure, which is associated with differences in local 
weather in the southern hemisphere. The distinct regional weather is a result of the 
dynamical forcing of the large ·scale. topography of the Hellas . and Argyre basins 
(Colaprete et· al., 2005). Wind streamlines from Ls = 20° (early southern fall) to Ls = 
200° (early southern spring) for each Ls have been analyzed. Wind streamline pattern 
analysis shows that around early southern fall (Ls= 22°), a cyclonic trough develops to 
the south east of Hellas basin (centred at 42. 7°S and 70°E) in the eastern hemisphere. At 
this time we can see another cyclonic trough system (weaker than the eastern one) in the 
south west of the Argyre basin (centred at 49. 7°S and 3 l 6°E) in the western hemisphere. 
Also the results show the development of the first cyclonic cell around middle fall (Ls = 
4 7°) to the south east of Hellas (eastern hemisphere). After a time lag, around 30 Martian 
sols (Ls= 63°) a second cyclonic cell develops to the south west of Argyre basin (western 
hemisphere). The eastern cyclonic system was not reported by Colaprete et al. (2005). In 
their work, they have reported that the Martian winter weather is controlled by a cyclonic 
system near the south pole in the western hemisphere and a anti-cyclonic system in the 
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eastern hemisphere, again near the south pole. Here we have shown that there are two 
cyclonic circulations; one around the Hellas basin (in the eastern hemisphere) and the 
second one around the Argyre basin (in the western hemisphere). These results confirm 
what has been reported by Barnes and Tyler, (2007); Forget et al., (1998); and Leovy, 
(1979). Observation of the Martian global condensate clouds by the Mars Global 
Surveyor Mars Orbiter Camera for the Second Martian Year (Wang, 2004) confirms the 
occurrence of the both eastern and western cloud systems during the period of study. 
These two cloud systems can be controlled by the two mentioned cyclonic systems shown 
by wind streamline analysis. However, between the two cyclonic cells the pattern is anti-
cyclonic. The anti-cyclonic system extends to the cryptic region while the expansion of 
the cyclonic systems covers the non cryptic regions. These two different regional weather 
patterns (cyclonic and anti-cyclonic systems) dominate most of the southern winter. 
These two distinct weather patterns (cyclonic and anti-cyclonic systems) have important 
impacts on the C02 vapour deposition during Martian winter around the pole. A cyclonic 
system will cause unstable weather conditions (e.g. cloud formation and precipitation) 
and therefore surface C02 ice accumulation is controlled by snow precipitation (with 
higher albedo) while the anti-cyclonic system causes relatively stable weather and frost 
accumulation is dominated by direct C02 vapor deposition (with lower albedo) at the 
surface. So it is the difference in these deposition styles that determines the cap albedo 
(Colaprete et al, 2005). Our model results also show that the anti-cyclonic pattern controls 
the weather between the two large scale basins. It extends and includes the cryptic region. 
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The eastern cyclonic system around the Hellas basin dominates the seasonal southern sub-
polar weather pattern and persists longer than the western cyclonic system. However, 
wind streamline analysis from Ls = 150° to Ls = 200° shows a gradual weakening of 
these two cyclonic troughs. Then with the weakening of the south polar winter weather 
and formation of the southern spring weather pattern (increasing the temperature in the 
polar area) the ice cap experiences gradual shrinking based on the albedo of the surface 
ice cover. Observation of the Martian global condensate clouds by the Mars Global 
Surveyor Mars Orbiter Camera for the Second Martian Year (Wang, 2004) shows a 
gradual weakening of the western and eastern cloud systems after Ls = 150° and confirms 
that both systems disappear after Ls = 187° as we showed in wind streamlines study. 
As described in section 5.1.1, there are two different styles of surface C02-ice 
formation (frost with direct deposition of C02-ice and C02 snow precipitation) over the 
Martian south polar regions to build up a seasonal ice cap during cold seasons. These two 
different deposition processes can control the south polar cap albedo. It is anticipated that 
small C02 ice grains or C02 snow, freshly precipitated to the surface result in bright 
surfaces or higher albedo while direct-depositing ice forms larger and rougher C02 frost 
grains on the surface resulting in darker surfaces or smaller albedo (Kieffer et al., 2000; 
Titus et al., 2001 ). Therefore, it is the darker frosty zones (cryptic region) that sublimate 
more rapidly during late spring and summer rather than the brighter areas covered by 
snow (Kieffer et al., 2000; Piquex et al., 2003). These two mechanisms result from 
different aspects of the dynamical forcing of the large scale topographical impacts of the 
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Hellas and Argyre basins (from NASA Ames Mars General Circulation Model and the 
second version of Global Mars Multiscale Model simulations). 
Also due to the existence of the south polar residual C02 ice cap (non-cryptic region) 
which remains covered by ice, even in the summer time, the albedo of the non-cryptic 
region is always different to the albedo of the cryptic region. 
The standard GM3 physics code does not consider the difference between cryptic 
and non-cryptic albedo values. So as a second step in this work, the albedo values at the 
poles were modified to better represent the physical situation. It may be that the non-
cryptic stable C02 ice cap is left over from a different era. Therefore, in this work, albedo 
and thermal inertia values have been modified in the south polar cryptic and non-cryptic 
areas. In the next step of this work albedo values were modified latitudinally and 
longitudinally at the south polar areas in the GM3 physics code. For the south polar C02 
cap we have assigned higher values for albedo over the non-cryptic regions (residual C02 
ice cap) and we ensure that it is always covered by ice even in southern summer. For the 
cryptic region we have used lower albedo values (Vincendon et al., 2007; James et al., 
2005; Byrne et al., 2003; Forget, 1998). Also thermal inertia has been modified slightly 
at non-cryptic and cryptic regions (Putzig and Mellon, 2007). Here these values were 
fixed in the physics code and the model was run nearly for more than two Martian years, 
starting from an initial condition at Ls = 80°. The new results show the asymmetrical 
pattern of C02 ice in cryptic and non-cryptic regions during the transition seasons in the 
Martian southern hemisphere. The model results for the second part of southern spring 
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(-Ls = 240°-260°) showed less surface ice mass than standard model version results 
around the cryptic region and more in relation to C02 ice mass distribution near the south 
pole. 
However, the residual C02 cap simulation remains more challenging because the 
simple energy balance models (with time-invariant albedo and emissivity values chosen 
to fit the Viking Landers pressures) used by all published General Circulation Model 
results do not predict the residual C02 ice cap (Guo et al., 2010). 
However, the seasonal carbon dioxide ice in the south polar regions is present in 
the surface ice simulation by the second version of the Global Mars Multiscale Model, 
but it does not produce a permanent south C02 ice cap, and so it must be modified in the 
physics code in order to capture the realistic physical (such as ice process detail; probably 
makes a bias in terms of total C02 ice) and meteorological processes in the model aside 
from ice formation. The permanent south C02 ice cap in the model can significantly 
improve south polar meteorology for example in predicted surface temperatures (see 
section 5.7.2), surface pressures, and dust activity or cloud occurrence (see section 5.7.4 
and Figure 5.22) over the south cap during its summer. 
So, as a third step in this work an artificial ice cap with an average C02 ice 
thickness around 8.6 metres in the southern polar regions based on Mars images was 
included. The ice blanket has been located initially in the physics module based on its 
observed location. Here, the subsequent results use a permanent C02 ice cap of fixed size 
even during southern summer. Indeed, the non-cryptic region is covered with a blanket of 
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C02 ice even in southern summer and is not eroded through summer sublimation, in 
agreement with the observations. Of course, the temperature of permanent C02 ice areas 
should be fixed at the C02 condensation temperature year round by contact with the 
atmosphere so its temperature always remains ~ 140- l 50K while the ice is in place. Also 
the formation of the seasonal ice cap over the artificial south polar residual C02 ice cap 
during cold seasons is allowed but the evaporation from the artificial residual ice cap is 
not allowed reducing the initial thickness of the artificial cap during the warm seasons. So 
the modified model version always presents an initial artificial polar residual C02 ice cap. 
The results were compared for the southern summer(~ Ls= 263°, 270°and 321°) 
with the color mosaic images of Viking Orbiter2 and Mariner 9. Comparison of the 
modified model version plots with the observational data suggests a good 
correspondence. Here, the model was run for more than two Martian years, starting from 
Ls = 80° and the results confirm that the artificial ice cap does not evaporate and remains 
(i.e. Ls = 695°). 
Also the surface temperature predicted by the modified version, for Ls averaged 
between 290°-320° at the permanent south polar cap, in the coldest area is ~140°-150°K 
(controlled by the existence of surface C02 ice) rather than ~200 K in the standard 
version. The OMEGA observations during late summer for the Martian southern 
hemisphere confirm the temperatures near 143°K at southern permanent ice cap 
(Giuranna et al., 2008). The simulation of the surface temperature at the southern polar 
regions is better realised than for the standard version. 
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A comparison of the surface pressure in the south polar stereographic map 
projection for Ls .averaged between 290°-320° in the standard version and the modified 
version shows the stronger surface pressure gradient around the pole with lower value in 
the low pressure centre ( 4.6 mb comparatively to 4.8 mb) in the modified version rather 
than standard version. Also a comparison of the near-surface horizontal wind predicted by 
·the modified and standard versions, for Ls averaged between 290°-320° at the south polar 
cap sho~s a significant difference between these two scenarios with the stronger 
horizontal wind gradient around the pole with higher value in the core of isotach lines 
(22m/s comparatively to 12m/s) in the modified version rather than standard version. 
Also, there is a strong zonal wind shear around the permanent south polar cap area in the 
modified version map analysis which cannot be seen in the standard version. 
Thus, the existence of a surface pressure gradient associated with a cyclonic 
system along with surface temperature and a stronger wind gradient -(which can be 
predicted by the modified version) can cause the development of active weather systems 
which induce cloud formation with increasing wind speed near the surface. It is also 
possible that dust lifting at the south polar region during the southern summer period 
could be initiated. This shows the impact of the south residual C02 ice cap on south polar 
summer weather structure and if future work confirms this, it has implications for the 
evolution of the Martian atmosphere. 
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6 Future Outlook 
Here, the model results have shown the importance of large-scale topographical 
features of Hellas and Argyre basins in the southern Martian local winter weather 
patterns. Since, the topography has an important role in the Martian weather in a variety 
of ways ranging in large scale to small scale, future work is needed to carry out the model 
simulation in higher resolution to capture other topographical structures such as Chasma 
Boreale in the north polar cap and Chasma Australe in the south polar cap to better 
understand of Martian polar meteorology. The effect of local weather systems on dust 
storm formation will be another interesting issue. Also it is very important to understand 
the evidence of different types of terrestrial fronts (mentioned in chapter 3 for Earth) in 
Mars meteorological conditions. This can be another possible future work. Future work 
can be conducted to employ available data, to help validate the model results. 
A better simulation of the size and thickness of the artificial permanent south 
polar cap will be another step in future works. Also possible future work can be carried 
out with a study of the other physical and meteorological processes (e.g. formation of 
"snow" and "frost") which can control the spatial and temporal variation of the albedo 
and the in-homogeneities of Martian south polar C02 ice cap. Study of the ice cap 
paleoclimatology is another interest. 
Finally it would be useful to attempt to better simulate the Viking Lander 1 and 2 
surface pressure cycle with the model rather the standard model version. 
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